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ABSTRACT
Areas of the subantarctic are isolated, cold, harsh and generally pristine. However, the
presence of humans invariably leads to contamination, particularly around research
stations and legacy refuse sites. Increases in ship visits to the region will heighten the
chance of fuel spills and increase concentrations of contaminants including copper,
due to its use as a biocide on ship hulls. Despite this increased risk of contamination,
there is currently very limited data available on the sensitivity of subantarctic marine
biota to contaminants, and no environmental quality guidelines exist for this region.
This study is therefore the first marine-based comprehensive ecotoxicology study
within the subantarctic. The aim of my thesis was to determine sensitivities of ten
subantarctic marine invertebrates to a range of common metal contaminants (copper,
lead, zinc). These data are intended ultimately to contribute to the development of
water quality guidelines and risk assessments for the protection of the subantarctic.
These guidelines would be applicable to many areas of the subantarctic, extending
potentially to the southern areas of South America and the Antarctic Peninsula. In
addition, I determined the interactive effects of climate change stressors on the toxicity
of copper to four taxa. This was particularly important as many areas of the
subantarctic are already experiencing relatively rapid changes in climate. I conducted
toxicity tests on ten marine invertebrate species at different life stages, collected from
a variety of habitats within the intertidal and subtidal zones of subantarctic Macquarie
Island. This required the development of specific test procedures in order to account
for the unique characteristics of each species and of subantarctic biota in general.
Copper was found to be the most toxic of the three metals tested. Sensitivity differed
substantially between the ten species, and patterns appeared to correlate with the
species distribution and habitat on the shoreline. Additionally, early life stages were
ii

generally more sensitive than adults, and additional climate change stressors altered
copper toxicity. For example, an increase in as little as 2 °C significantly increased
the toxicity of copper to a subantarctic copepod. Sensitivity to copper was particularly
high for some species compared to analogous species from temperate and tropical
regions. My work therefore highlights the need for the development of specific water
quality guidelines for the subantarctic region based on the sensitivity of local taxa, as
guidelines developed in other regions may not adequately protect subantarctic species
from contaminants. This study emphasises that while the subantarctic is a relatively
pristine environment, in the event of a large-scale contamination event, some species
within the marine community would be highly susceptible and therefore long term
impacts on this community are likely. Exacerbating this scenario, stressors associated
with climate change are likely to further intensify impacts. I recommend that any future
environmental guideline development for the subantarctic region consider early life
stage sensitivity, include species from a wide range of habitats, and incorporate
interactions with climate change variables.
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CHAPTER 1:!GENERAL INTRODUCTION
1.1! Subantarctic environments
The subantarctic represents a unique region of isolation, with a cold and harsh climate.
The land masses that it comprises are spread across the vast Southern Ocean, north of
60°S and south of continental South America, Africa and Australia. Its northern extent
is limited by areas that do not exceed a monthly mean air temperature of 15 °C, which
includes all of the islands shown in Figure 1.1., as well as the most southern parts of
South America (Pendlebury and Barnes-Keoghan, 2007).

Certain areas of the

Antarctic peninsula on the Antarctic continent also share similar climate features
(Campos et al., 2013).

Figure 1.1. Antarctica and the Southern Ocean including the islands of the subantarctic
region.
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The subantarctic region’s climate is largely driven by ocean processes, thus it
experiences cold air temperatures that vary little, both daily and seasonally (Chown
and Froneman, 2008). For example, summer air temperatures on Macquarie Island
generally vary between 5 and 8 °C, while winter temperatures vary between 1.5 and 5
°C (Australian Bureau of Meteorology, 2015). Despite this stability, the climate of the
subantarctic is changing. A pole-ward shift of the Antarctic Circumpolar Current has
resulted in an overall warming trend in the subantarctic (Cai et al., 2005). By 2100,
sea surface temperatures across the southern ocean are predicted to rise between 0.5
and 2 °C (Collins et al., 2013). Variable changes in precipitation have also been
observed across the region with increases in rainfall occurring in some areas, and
decreases in others (Adams, 2009; Chown and Froneman, 2008). Biota residing in the
Southern Ocean are also likely to be most severely impacted by ocean acidification
due to higher solubility of CO2 and from regional upwelling of hypercapnic deep sea
water (Kawaguchi et al., 2011).
1.2! Human impacts and contamination in the subantarctic
Although remote and inhospitable, many subantarctic areas have had a long history of
occupation, resulting in long term contamination from historical practices such as
whaling and sealing. For example, seven shore-based whaling stations occupied large
areas on South Georgia. These stations were abandoned in the 1960s with no clean up
or removal of hazardous materials (Convey and Lebouvier, 2009). Past practices
associated with research stations can also result in contamination, including
hydrocarbons and metals such as zinc, cadmium and copper, which are often found in
legacy waste sites or associated with fuel spills (Deprez et al., 1994; Stark et al., 2003).
Concentrations of contaminants in nearshore subantarctic environments will likely
increase due to past, present and future marine and land-based activities. Shipping
2

will likely be a major contributor to marine contamination due to increased fishing and
tourism (Campos et al., 2013). Copper concentrations in marine environments will
likely increase due to elevated use of copper on ship hulls, since the banning of
tributyl-tin (TBT) based paints on all vessels from 2003, however the bioavailability
of this contamination is unknown (Srinivasan and Swain, 2007). Increased shipping
will also elevate the risk of ship wrecks and fuel spills which are more likely to occur
close to shore (Simpson et al., 1995). Contaminants associated with legacy refuse–
sites and fuel spills on land will likely be mobilised and enter marine environments,
especially in those areas that are experiencing increased rainfall and subsequent runoff (Foulds et al., 2014), such as Macquarie Island (Pendlebury and Barnes-Keoghan,
2007).

Wastewater discharges from research stations also enter the nearshore

environment (Aronson et al., 2011) and contain a range of contaminants including
metals that are toxic at relatively low concentrations, such as copper (Lee et al., 2010).
1.3! The effects of contaminants on subantarctic marine invertebrates
The effects of contaminants on subantarctic marine biota is largely unknown.
Ecotoxicology is a well-established field in most areas of the world and has been used
in most regions to determine contaminant thresholds for local biota. However, the
subantarctic embodies a whole region where little is known of how contaminants may
impact the unique subantarctic biota. Past research determined the short and long term
effects of fuel contamination from the 1987 grounding of the supply ship, ‘Nella Dan’
at Macquarie Island (Pople et al., 1990; Simpson et al., 1995; Smith and Simpson
1995,1998). These studies suggested some subantarctic marine fauna recovered at
slower rates compared to recovery rates of temperate and tropical biota. A review of
the literature by Simpson (2007) indicated that more work on the effects of pollution
to marine assemblages across the whole subantarctic was needed. It is important that
3

these knowledge gaps are addressed, in order to assess the vulnerability of marine biota
in the region to current and future impacts. High levels of marine invertebrate
endemism and diversity in many areas of the southern ocean further heighten the need
for protection in the region (Hogg et al., 2011).
Marine biota in high latitudes are likely to exhibit heightened susceptibility to
contamination compared to other areas of the world due to their unique characteristics,
such as slower metabolism and growth. These characteristics likely result in slower
uptake but also slower detoxification of contaminants. Additionally, slower growth
and longer life stages mean that sensitive, early life stages are prolonged, resulting in
greater sensitivities over longer time periods (Chapman and Riddle, 2003). Short food
chains in high-latitudes, as well as longer recovery times of cold-water organisms may
result in heightened sensitivity of high-latitude ecosystems (Chapman and Riddle,
2005a).
Chapman and Riddle (2005b) suggested that based on the limited data available, the
environmental guidelines developed for temperate areas would be protective of polar
species for zinc, cadmium, chromium and lead, but possibly not for copper. Since then,
toxicity studies have confirmed this hypothesis of higher sensitivity to copper. The
Antarctic copepods Paralabidocera antarctica, Oncaea curvata and Stephos
longpipes were all more sensitive than most other copepods from lower latitudes
(Marcus Zamora et al., 2015) and the Antarctic algae Phaeocystis antarctica was more
sensitive to copper than temperate algae (Sfiligoj, 2013). Subantarctic species may be
of similarly high sensitivity to copper as Antarctic species, due to their adaption to
relatively cold and stable temperatures.

4

High latitude areas, including the subantarctic and Antarctic, may not be protected
sufficiently by water quality guidelines developed for temperate regions. Regional
specific guidelines, based on sensitivity data for local biota derived from appropriate
toxicity tests, may therefore need to be developed (Chapman and Riddle, 2005b). In
addition, toxicity test procedures may require the incorporation of longer exposure
durations, to obtain acute sensitivity data, due to the slow metabolisms of high latitude
biota, to make accurate comparisons with analogous species in tropical and temperate
regions (King and Riddle, 2001). For example, 7 d LC50 estimates for the Antarctic
copepods P. antarctica, O. curvata and S. longpipes were considered acute, as 7 d was
a short exposure relative to the species’ life span (Marcus Zamora et al., 2015).
Conversely, in temperate areas, acute exposure is usually considered as up to 4 d for
multicellular organisms(ANZECC/ARMCANZ, 2000). More recent recommendation
for guideline development are that tests over 14 d would be considered chronic and all
tests shorter than 14 days would be considered acute (Batley et al., 2014).
When developing water quality guidelines, it is important to test a wide range of taxa
from differing habitats, and a range of life stages, in order to adequately represent
sensitivities within the region. Furthermore, interactions between contaminants and
stressors associated with climate change may result in increased sensitivities or
unexpected outcomes (Crain et al., 2008). Many toxicology reviews have called for
the inclusion of multiple stressor data in water quality guidelines and environmental
risk assessments for more accurate models of contaminant toxicity under a range of
different conditions and a changing environment (Heugens et al., 2001; Hooper et al.,
2013; Sokolova and Lannig, 2008).

5

1.4! Aims
The overarching aim of this thesis was to determine the sensitivities of a range of
subantarctic marine invertebrates from Macquarie Island to metal contamination. This
study represents the first marine-based comprehensive ecotoxicology study within the
subantarctic. These data are intended ultimately to contribute to the development of
water quality guidelines and risk assessments for the protection of the subantarctic.
Such guidelines would be applicable to many areas of the subantarctic, extending
potentially to the southern areas of South America and the Antarctic Peninsula.
Specific aims were:
1.!

Develop suitable toxicity test methods for subantarctic marine species,
including appropriate test conditions and exposure durations, and to identify
suitable species for future studies

2.!

Determine the relative toxicity of common metals to a range of marine
invertebrates

3.!

Compare the relative sensitivity of marine invertebrates from subtidal and
intertidal zones to metals

4.!

Compare the sensitivity of different life stages for a range of species to metals

5.!

Compare sensitivities of subantarctic species with related species from other
regions to copper

6.!

Determine how climate changes variables will alter the toxicity of metals to a
range of species and whether these stressors interact

6

1.5! Thesis structure
The aims are addressed in four data chapters, where each chapter may address more
than one aim:
Chapter 2 – Develops toxicity test methods; compares the relative toxicity of
three metals; copper, zinc and cadmium; and compares sensitivity to metals between
a range of species (two species of copepods, a bivalve, flatworm, sea cucumber and a
sea star) and with biota from other regions. Acute lethal endpoints alone are reported.
Chapter 3 – Develops toxicity test methods for three species of adult
subantarctic gastropods and compares sensitivity to copper between three gastropod
species and to related species from temperate and tropical regions. Both lethal and
sublethal acute endpoints are reported.
Chapter 4 – Develops toxicity test methods for four species (an isopod,
flatworm, bivalve and gastropod) and compares sensitivity between adult and juvenile
stages. Both lethal and sublethal acute endpoints are reported.
Chapter 5 – Determines how climate change variables (salinity and
temperature) alter the toxicity of metals to a range of species and whether these
stressors interact. Acute lethal endpoints are reported.
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CHAPTER 2:!SENSITIVITY OF SIX SUBANTARCTIC MARINE
INVERTEBRATES TO COMMON METAL CONTAMINANTS
Holan, J.R., King, C.K., Davis, A.R., 2016. Sensitivity of six subantarctic marine
invertebrates to common metal contaminants. Environmental Toxicology and
Chemistry, 35, 2245-2251 (Appendix A).
Keywords: metal toxicity; marine toxicity tests; water quality guidelines; Macquarie
Island; echinoderm; Platyhelminthes

2.1! Abstract
A long history of anthropogenic activities in the relatively pristine subantarctic has
resulted in areas of accumulated waste and contaminants. Sensitivities to metals of
subantarctic and Antarctic species may contrast with related species from temperate
and tropical areas, due to the unique characteristics of polar biota. In addition,
response to contaminants may be delayed and hence longer exposure periods may be
required in toxicity tests with polar species. We determined the sensitivity of six
common subantarctic marine invertebrates to copper, zinc and cadmium contaminants.
We exposed each species for up to 14 d but found that 7 d was the most appropriate
exposure duration for each species. Large variation in sensitivities, both between
species and between metals within species were found. The bivalve Gaimardia
trapesina and the copepod Harpacticus sp. were the most sensitive to copper, with 7
d LC50 values for both species ranging between 28 µg/L and 62 µg/L, while the
copepod Tigriopus angulatus was the most tolerant of copper (7 d Cu LC50 1560
µg/L). Sensitivity to zinc varied by approximately 1 order of magnitude between
species (7 d LC50: 329 µg/L to 3057 µg/L). Sensitivity to cadmium also varied
considerably between species, with 7 d LC50 values ranging from 1612 µg/L to >4383
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µg/L. This is the first study to report the sensitivity of subantarctic marine invertebrate
to metals, and contributes significantly to our understanding of latitudinal gradients in
the sensitivity of biota to metals. Whilst sensitivity is highly variable between species,
in a global comparison of copepod data, it appears that species from higher latitudes
may be more sensitive to copper.
2.2! Introduction
Human presence in the subantarctic over many decades has resulted in a number of
contaminated areas (Convey and Lebouvier, 2009). Legacy contamination sources
include old refuse sites and fuel spills, as a consequence of past practices such as seal
and penguin harvesting, whaling and farming (Aronson et al., 2011; Convey and
Lebouvier, 2009). Current practices continue to generate contamination; increasing
shipping to these areas, due to tourism and fishing, results in elevated risk of fuel spills
and ship wrecks, while research stations generate everyday wastes and contamination
(Aronson et al., 2011). Elevated concentrations of hydrocarbons and metals have been
reported in areas associated with fuel spills and legacy refuse sites around subantarctic
stations (Deprez et al., 1994; Stark et al., 2003). However, there is little information
on the concentrations of contaminants entering marine environments from these areas,
or on contaminant concentrations resulting from spills and accidents at sea (Convey
and Lebouvier, 2009).
Copper, zinc and cadmium are three of the most common metal contaminants that
occur around subantarctic and Antarctic stations (Deprez et al., 1994; Scouller et al.,
2006; Stark et al., 2003). Copper and zinc are essential trace metals for metabolism in
many marine invertebrates. Copper is involved in the respiratory system of many
marine mollusc and arthropod species, while zinc is a key component for many
enzymes. Therefore, these metals are generally only excreted or detoxified when in
9

excess. In contrast, cadmium is usually a non-essential metal and consequently needs
to be detoxified (Rainbow, 2002). All of these metals can become toxic above a
threshold concentration (Rainbow, 2002).
There is increasing evidence that the sensitivity of biota varies latitudinally, hence
water quality guidelines developed in tropical or temperate areas are not suitable for
Polar Regions (Chapman and Riddle, 2005b; King and Riddle, 2001; Marcus Zamora
et al., 2015; Sfiligoj et al., 2015). Organisms in high latitudes have adapted to stable
and very cold temperature regimes and this is likely to influence their tolerance of
contamination. In these regions, organisms usually exhibit slower metabolisms, live
longer, grow to larger sizes and have higher lipid content in tissues (Chapman and
Riddle, 2005b). Additionally, environmental recovery time after large contamination
incidents may also be longer due to longer larval periods and lower fecundity in many
species. From the few studies conducted, in comparison to low latitude biota, high
latitude biota may be more susceptible to copper, but be of less or similar susceptibility
to cadmium or zinc (Chapman and Riddle, 2005b; Sfiligoj et al., 2015). However,
insufficient data are currently available to confirm these trends (Chapman and Riddle,
2005b; Sfiligoj et al., 2015). Many subantarctic islands that have undergone long-term
habitation are in need of specific subantarctic water quality guidelines. Additionally,
areas such as the Antarctic Peninsula and southern South America, some of which are
under high contamination pressures and have similar climates to subantarctic islands,
would also benefit from the development of subantarctic region-specific guidelines.
Due to the unique biology of high latitude marine taxa, there is a need to develop
specific methodologies for toxicity testing. Time of exposure to metals is one of the
most important considerations in modifying test procedures. Acute toxicity tests with
temperate and tropical species are usually conducted over 2-4 d, while tests conducted
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with Antarctic biota require up to a month in order to illicit a toxic response and to
enable comparisons with the sensitivity of biota from other regions (King and Riddle,
2001). For example, the effects of metals on the development stages of the Antarctic
sea urchin, Sterechinus neumayeri were tested over 23 d, as this is the time taken to
reach the pluteus larval stage, while in contrast, temperate species reach the same
developmental stage within 2-3 d (King and Riddle, 2001).
In the present study, we established toxicity test methodologies, including relevant
exposure periods, and determined species sensitivities to metals of six subantarctic
marine invertebrates. This is the first study to report the toxicity of metals to
subantarctic marine invertebrates. Specifically, we tested the toxicity of copper, zinc
and cadmium to the following taxa: copepods Tigriopus angulatus (Lang) and
Harpacticus

sp.

(Order

Harpacticoida,

Family

Harpacticidae);

flatworm

Obrimoposthia ohlini (Bergendal) (Order Tricladida, Family Uteriporidae); bivalve
Gaimardia trapesina (Lamarck) (Order Veneroida, Family Gaimardiidae); sea
cucumber Pseudopsolus macquariensis (Dendy) (Order Dendrochirotida, Family
Cucumriidae); sea star Anasterias directa (Koeler) (Order Forcipulatida, Family
Asteriidae).
2.3! Methods
2.3.1! Study site and species
Tests were carried out on biota native to the subantarctic Macquarie Island, which is
located in the Southern Ocean, just north of the Antarctic Convergence (Figure 2.1).
Macquarie Island sea temperatures are relatively stable throughout the year, with
average temperatures varying a few degrees, between approximately 4 °C and 7 °C
(Reynolds and Banzon, 2008). Sites chosen for the collection of invertebrates for the
11

present study were free of metal contamination, as verified by the analysis of seawater
samples from collection sites by inductively coupled plasma optical emission
spectrometry (Varian 720-ES) (ICP-OES). Metal concentrations at sites were either
below detection limits or <10 µg/L for all metals except cadmium, where
concentrations were generally between 5 and 15 µg/L.

!
Figure 2.1. Location of subantarctic Macquarie Island. Map 13143, courtesy of the
Australian Antarctic Data Centre.
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Six common invertebrate species were selected for use in toxicity tests. These
represent a range of taxa and were collected from different habitats on the rocky shore
(Figure 2.2). Individuals of Tigriopus angulatus were collected using fine mesh dip
nets from rock pools above the high tide mark; Harpacticus sp. and Gaimardia
trapesina, from several macroalgae species in the subtidal zone; Obrimoposthia ohlini,
from the undersides of boulders from the intertidal to subtidal areas; Pseudopsolus
macquariensis, from wave exposed rocks; and the sea star Anasterias directa, from
deep rock pools (Figure 2.2).
Toxicity tests were conducted at Macquarie Island (over the 2013/14 summer) and at
the Australian Antarctic Division (AAD) in Tasmania, Australia (from 2012-2015).
Invertebrates for use in tests in Australia were transported by ship to the Marine
Research Facility at the AAD where they were acclimated to laboratory conditions in
purpose-built recirculating aquariums at 6°C prior to being used in tests.

All tests

using Obrimoposthia ohlini, Tigriopus angulatus, and Pseudopsolus macquariensis
and some tests with Harpacticus sp. were done at the AAD. Tests with T. angulatus
were done within 2 weeks of acclimation as survival and reproduction of this species
was low. Conversely, O. ohlini and P. macquariensis and Harpacticus sp. were
housed for up to 4 months before being tested, as survival rate and reproduction in the
aquaria for both of these species were high. Some tests with Harpacticus sp. and all
tests with Gaimardia trapesina and Anasterias directa were done at Macquarie Island.
For tests done at the Macquarie Island laboratory, invertebrates were acclimated to
laboratory conditions for 2 d in buckets in temperature control cabinets.
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Figure 2.2. Macquarie Island rocky shore indicating habitat locations of each test
species. Not to relative scale.

2.3.2! Test procedures
Each test involved exposure to copper, zinc or cadmium under a static non-renewal
test regime over 14 d. Tests were done in lidded polyethylene vials of varying sizes,
selected to suit the size and number of individuals in the test (Table 2.1). All
experimental vials and glassware were acid washed with 10% nitric acid and triplicate
rinsed with MilliQ water before use. Five metal concentrations plus a control were
used for each test and tests were replicated where possible. Concentrations in replicate
tests were modified, as sensitivity data were accrued from each additional test. Tests
were conducted in controlled temperature cabinets set at 6°C at a light intensity of
2360 lux under a light-dark regime of 16:8 h in summer and 12:12 h for tests for the
rest of the year. Temperatures within cabinets were monitored throughout the test
using Thermochron iButton data loggers.
Metal test solutions in filtered (0.45 µm) seawater were prepared 24 h prior to the
addition of animals, using 500 mg/L CuSO4, 500 mg/L ZnCl2 and 500 mg/L Cd SO4
MilliQ (Univar analytical grade) stock solutions. Water quality parameters were
measured using a TPS 90-FL multimeter at the start (day 0) and end (day 14) of tests.
14

Dissolved oxygen (DO) was >80% saturation, salinity was 33-35ppt, and pH was 8.18.3 at the start of tests. Samples of test solutions were taken at 0 d and 14 d for analysis
of metal concentration. Samples were filtered through a 0.45µm, acid washed and
rinsed, Minisart syringe filter and acidified with 1% ultra-pure nitric acid prior to
analysis via ICP-OES. Details of ICP-OES procedures are described in Appendix B.
Measured concentrations at day 0 were on average 95% of the targeted nominal
concentrations. The arithmetic mean of measured concentrations at 0 d and 14 d was
calculated to estimate exposure concentrations that were used in statistical analyses
(Appendix C). The average percent loss of metals from test solutions over the 14 d test
period was calculated for each concentration in each test.
Vials were checked daily and survival recorded on days 1, 2, 4, 7, 10 and 14.
Individuals of Harpacticus sp. and Tigriopus angulatus were considered dead when
urosomes were perpendicular to prosomes (as has been used as endpoints in previous
studies with copepods; see Kwok and Leung (2005). Bivalves, Gaimardia trapesina,
were considered dead when adductor muscles no longer held shells closed. Flatworms,
Obrimoposthia ohlini, were considered dead when they were no longer active and
were covered in mucous, and individuals of Pseudopsolus macquariensis and
Anasterias directa were considered dead when tube feet were no longer moving. All
dead individuals were removed from test vials when observed.
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Table 2.1. Toxicity test conditions used for each of the 6 species of subantarctic
marine invertebrates.
Species
(catalogue #)a

Vial
size
(mL)

Volume of
test solution
(mL)

# replicate
vials per
concentration

# individuals
per vial

Life
history
stage

Harpacticus sp.
(G6504)

70

50

5

10

adult

70

50

5

10

adult

120

100

5

10

adult

120

100

5

10

adult

Pseudopsolus
macquariensis

70

50

4-5

6-8

juvenile

Anasterias
directa

120

100

4-5

6-8

juvenile

Tigriopus
angulatus
Gaimardia
trapesina
(E31093)
Obrimoposthia
ohlini

a

Voucher specimens of Harpacticus sp. and G. trapesina are held at the Tasmanian
Museum and Art Gallery, Hobart, Tasmania, Australia.

2.3.3! Data analysis
Maximum Likelihood Probit or Trimmed Spearman Karber models were used for each
test to estimate the concentration that caused 50% mortality (LC50), after 4 d, 7 d, 10
d and 14 d exposure. No effect concentrations (NOEC) were determined using Steel's
Many-One Rank or Bonferroni t hypothesis tests. All estimates were determined using
ToxCalc (version 5.0, Tidepool Scientific Software). A geometric mean of the
multiple LC50 estimates was then calculated.
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2.4! Results
Copper was the most toxic metal to all species tested; sensitivity to metals differed
substantially between species (Figure 2.3; Table 2.2). A relative metal toxicity pattern
of Cu >> Zn ≥ Cd was found for all species. For both copepods, zinc was more toxic
than cadmium (Figure 2.3; Table 2.2). While this trend was reversed for the bivalve,
Gaimardia trapesina, differences between metal toxicity were less pronounced by 10
d (Table 2.2). There was no toxic effect of zinc on the flatworm Obrimoposthia ohlini
or sea cucumber Pseudopsolus macquariensis, or of cadmium on O. ohlini, at any of
the concentrations tested (Table 2.2). The bivalve G. trapesina and the copepod
Harpacticus sp. were the most sensitive species, particularly to copper, while the
copepod Tigriopus angulatus was highly tolerant of all metals (Figure 2.3, Table 2.2).
The response of individuals of all taxa to copper was relatively consistent between
tests, but the response was more variable for cadmium and zinc, as indicated by the
wider fiducial limits for these metals (Table 2.2).
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Figure 2.3. Average lethal concentrations of metals (copper, cadmium and zinc)
causing 50% mortality (LC50) in 6 species of subantarctic marine invertebrates after
7 d exposure. Number of replicate tests (n) for Cu, Zn, Cd for each species; copepod
Harpacticus sp. (n= 4, 3, 2); copepod Tigriopus angulatus (n= 1, 2, 1); bivalve
Gaimardia trapesina (n= 2, 2, 1); flatworm Obrimoposthia ohlini (n= 2, 1, 1); sea
cucumber Pseudopsolus macquariensis (n= 2, 1, Cu and Zn); and seastar Anasterias
directa (n= 2, Cu only). Error bars represent standard error, where more than one test
is done. ‘>’ displays the highest concentration tested at which there was no response.

18

Table 2.2. Lethal concentrations of metals causing 50% mortality (LC50 ± 95%
fiducial limits, FL) and concentrations causing no effect (NOEC) in 6 species of
subantarctic marine invertebrates after 7 and 10 d exposure. ‘NR’ indicates no
significant response at any concentration tested. ‘ND’ indicates that the estimates were
not determined as the test was either terminated due to >60% mortality in the controls
or there were insufficient partial responses.
Test #
Copepod Harpacticus sp.

Day 7
LC50

1
62
2
37
Copper (µg/L)
3
35
4
40
1
374
Zinc (µg/L)
2
133
3
481
1
882
Cadmium (µg/L)
2
2758
3
1197
Copepod Tigriopus angulatus
1
NR
Copper (µg/L)
2
1560
1
2238
Zinc (µg/L)
2
3876
1
NR
Cadmium (µg/L)
2
NR
Bivalve Gaimardia trapesina
1
32
Copper (µg/L)
2
28
1
2882
Zinc (µg/L)
2
3740a
Cadmium (µg/L)
1
NR
Flatworm Obrimoposthia ohlini
1
560
Copper (µg/L)
2
498
Zinc (µg/L)
1
NR
Cadmium (µg/L)

a

1

Day 10
95% FL

NOEC

LC50

44-75
34-40
32-38
34-47
309-441
82-157
262-1990
761-888
2345-3144
1073-1336

50
34
31
32
196
96
98
592
1936
537

ND
14
25
25
63
ND
ND
ND
ND
ND

>404b
964
1232
1757
>1750b
>4383b

NR
892
2132
2335
NR
ND

8-52
18-37
2784-2983
3512-4239

<43a
13
2344
2998
>1722b

13
26
2767
3000
2090c

511-635
326-655

256
466
227
395
b
>2238 NR

1399- 1767
1981-2801
3341-4861

47
59

Zinc (µg/L)

>2973b NR

Seastar Anasterias directa
1
Copper (µg/L)
2

NR
115
127

NOEC

13-15
14-36
20-29
6-129

10
<14a
16
<196a

390-1178
1877-2403
2127-2564

100-130
114-141

86
85

81
65

54
77

>404b
<737a
807
1757
>1750a
1268

0-27
21-29
2730-2806
2876-3133
1758-3148

<43a
10
2344
1836
791

408-491
352-437

256
227
>2238b

>2498b NR

NR

Sea cucumber Pseudopsolus macquariensis
1
134
15-487
Copper (µg/L)
2
85
69-100
1

95% FL

>2498b
71-93
54-76

47
49
>2973b

41-66
68-86

<42a
40

A “less than” symbol (<) indicates significant mortality in the lowest concentration
A “greater than” symbol (>) indicates the highest concentration with no response, or
that the estimate was unable to be calculated
c
Value is just outside of the range of concentrations tested indicating lower confidence
with estimate
b
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A minimum exposure duration of 7 d was required to illicit a response in most species
particularly for tests with zinc and cadmium (Appendix D). Estimates of LC50 could
not be determined for most tests at 1 d, 2 d or 4 d, due to insufficient response at the
concentrations tested. Control survival was generally 100% in all tests until 10 d where
it then decreased to 80-95% by 14 d, with the exception of Harpacticus sp., in which
control survival was particularly low (at around 60%) in some tests by 10 d (Appendix
D). Therefore, only 7 d and 10 d estimates are reported here (Table 2.2). Water quality
parameters remained relatively stable and within acceptable limits throughout most
tests (excluding G. trapesina) up to 14 d (temperature= 6 ± 1 °C, salinity= 33-35 ppt,
DO= 80-100% saturation, pH= 7.6-8.2). Although not reflected in control survival
(which remained at 96-100%), the highest water quality decline was for Gaimardia
trapesina, with pH dropping to approximately 7.0 by 14 d. Loss of metals, either to
test biota or to the walls of experimental vials over the 14 d exposure period was
minimal for both zinc and cadmium, but higher for copper (Table 2.3).
Table 2.3. Average percentage loss of metals from test solutions over a 14 d exposure
period in toxicity tests with 6 species of subantarctic marine invertebrates. ‘NT’
indicates that tests were not conducted.
Average loss of metal from test
solutions (% ± 1SD)
Copper
Zinc
Cadmium

Species
Copepod Harpacticus sp.

26 ± 7

4±3

1±1

Copepod Tigriopus angulatus

14 ± 7

1±0

1±1

Bivalve Gaimardia trapesina

38 ± 4

7±1

1±1

Flatworm Obrimoposthia ohlini

13 ± 2

8±1

9±1

Sea cucumber Pseudopsolus macquariensis

27 ± 6

3±0

NT

Sea star Anasterias directa

20 ± 2

NT

NT
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2.5! Discussion
Copper is one of the most toxic metals in marine environments (Chapman and Riddle,
2005b; JunFeng et al., 2014; Rosen et al., 2008); all taxa in the present study were
highly sensitive to copper, compared to zinc or cadmium. The relative metal toxicity
pattern found in the present study (Cu >> Zn ≥ Cd) was similar to findings for an early
life-history stage of the Antarctic echinoid Sterechinus neumayeri (King and Riddle,
2001) and a tropical copepod Tigriopus japonicus (Lee et al., 2007). In contrast,
cadmium has been found to be considerably more toxic than zinc for both the Antarctic
amphipods Paramoera walkeri and Orchomenella pinguides (Sfiligoj et al., 2015), as
well as the tropical gastropod, Morula granulata (Devi, 1998).
The large variation in species sensitivities to metals in the present study may be in part
due to their position on the rocky shore and the environmental conditions they are
therefore exposed to. The most copper tolerant species (Tigriopus angulatus and
Obrimoposthia ohlini) occur high on the intertidal zone, where they are frequently
exposed to significant abiotic stress (Figure 2.2). Correspondingly, the most copper
sensitive species (Harpacticus sp. and Gaimardia trapesina) occur in the subtidal zone
under less variable or extreme conditions, where exposure to natural stress may be
expected to be low (Figure 2.2). Similar patterns have been observed between closely
related Siphonaria limpet species from South Africa, where species on the upper shore
were the most tolerant of copper; it is thought that exposure to natural stress likely
provides an adaptation for tolerance of copper contamination (De Pirro and Marshall,
2005). A similar pattern was observed for Patella spp. from the Mediterranean, where
the effects of copper on cardiac activity differed depending on species distribution in
zones on the rocky shore (De Pirro et al., 2001).
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Two taxa groups in the present study, the copepods and the echinoderms, provide
useful comparisons in sensitivity between taxa occurring at different zones in the
subantarctic shoreline. While the two copepods occupy different habitat zones, and
are thus exposed to different levels of natural stress, the two echinoderms occupy
similar habitats. The copepods are within the same family (Harpacticidae), yet
Tigriopus angulatus was considerably more tolerant than Harpacticus sp. to all metals
(Table 2.2; Figure 2.3). Insensitivity to contaminants is a common finding for
members of the genus Tigriopus in most regions (Kwok et al., 2009; Kwok and Leung,
2005). Further, all Tigriopus species are found in splash pools of high abiotic
variability (Kwok and Leung, 2005; McAllen et al., 1999; Raisuddin et al., 2007;
personal observation). To cope with the extreme abiotic changes in these
environments, Tigriopus species have been reported to undertake a ‘dormant’ phase,
where metabolism is reduced, until conditions improve (McAllen et al., 1999), which
they may also adopt when exposed to contamination (Kwok and Leung, 2005).
Contrary to the copepods, both echinoderms in the present study (sea cucumber
Pseudopsolus macquariensis and sea star Anasterias directa), occur only on the lower
shore, and exhibit similar sensitivities to copper (Table 2.2; Figure 2.2).
As recommended in previous studies with species from high latitudes (King and
Riddle, 2001; Marcus Zamora et al., 2015; Payne et al., 2014; Sfiligoj et al., 2015), a
longer exposure time was required to elicit a response in the test species from
Macquarie Island. The exposure duration used in tests in the present study was
increased from the conventional 24-96 h, to 7-14 d to enable more realistic
comparisons of sensitivities between biota from different regions. This increase is
biologically consistent with the longer life-history stages and slow metabolism of
Antarctic species (Chapman and Riddle, 2005b). The sensitivity of subantarctic
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species increased with exposure time, and a minimum of 7 d was required for most
species to respond to metals. This finding is consistent with previous studies with
Antarctic copepods, in which 7 d exposure durations were recommended (Marcus
Zamora et al., 2015), and for other Antarctic invertebrates in which exposure times of
up to 30 d were required to elicit a response (Sfiligoj et al., 2015).
While a test duration of 7 d or 10 d was selected as appropriate in the present study, a
longer exposure time with these subantarctic species could result in higher sensitivities
to copper and might also indicate some sensitivity to zinc or cadmium for those taxa
that did not respond after 14 d exposure. However, using a static test method, exposure
duration could not reliably be increased to more than 10 d, as control mortality started
to occur at this time for Harpacticus sp. This is likely due to decline in water quality
and lack of food. A reduction in water quality was particularly apparent for the bivalve
Gaimardia trapesina by 14 d. For future studies with this species, we therefore
suggest that a static renewal regime be undertaken, with water changes every 7 d, and
if required, food provided to test organisms during the test, in order to determine
responses over a longer exposure period. Addition of food can however alter exposure
due to absorption of contaminant by the food and alter sensitivity due to differing
modes of uptake. Therefore the need for the addition of food should be carefully
considered.
A further consideration is the ecological relevance of the exposure time selected for
tests. In contrast to Antarctic species, longer exposure times in the subantarctic may
not be as relevant to real life exposure scenarios. In the Antarctic, the presence of sea
ice results in low energy environments, thus slower removal of contaminants, while
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many subantarctic marine areas are high energy environments and contamination
would likely be removed at a faster rate.
The bivalve Gaimardia trapesina was the most sensitive species to copper in the
present study (Table 2.2; Figure 2.3). Bivalves are generally sensitive to metal
contamination and often accumulate high concentrations of metals (Baudrimont et al.,
2005; King et al., 2010). While accumulation was not determined in the present study,
based on the loss of copper from test solutions, it appeared that G. trapesina was the
largest accumulator of copper of the species tested. Copper concentrations in test
solutions were reduced by up to 38% over the experimental period in tests with
bivalves, compared to smaller losses in tests with other species conducted under
similar test conditions (Table 2.3). As deposit or suspension feeders, bivalves uptake
metals in the dissolved form as well as particles collected during feeding (Rainbow,
1995). Their ability to accumulate metals has led to the regular use of bivalves in
biomonitoring programs worldwide (Rainbow, 1995).

Previous studies with

temperate bivalves have found a wide range in sensitivities to copper; Mya arenaria:
7 d Cu LC50 35 µg/L (Eisler, 1977); Tellina deltoidalis: 8 d Cu LC50 31 µg/L (King
et al., 2010); Soletellina alba: 4 d Cu LC50 120 µg/L, and Mysella anomala: 4 d Cu
LC50 1500 µg/L (King et al., 2004). The subantarctic G. trapesina showed similarly
high sensitivity to copper as the most sensitive temperate species (Eisler, 1977; King
et al., 2010).
Copepods are commonly used as toxicity test species globally, providing datasets with
which to compare regional sensitivities to copper. While the sensitivities of temperate
copepods are variable, high latitude copepods appear to be highly sensitive to copper
(Figure 2.4). Three Antarctic species are highly sensitive in comparison to most other
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species (Marcus Zamora et al., 2015), while 1 of the 2 subantarctic species from the
present study (Harpacticus sp.) exhibits similarly high sensitivity. In contrast, the
subantarctic Tigriopus angulatus is highly tolerant and of similar sensitivity to tropical
and temperate Tigriopus species (Kwok and Leung, 2005; Kwok et al., 2008; Lee et
al., 2007; O’Brien et al., 1988). As all Tigriopus species reside in splash zones and
encounter harsh extremes world-wide, it is conceivable that intertidal distribution has
more of an impact on their sensitivities than regional distribution. The other main
exception to the pattern in latitudinal sensitivity is the tropical pelagic copepod Acartia
sinjiensis, (48 h Cu LC50 33 µg/L; Gissi et al. (2013)). Gissi et al. (2013) suggested
that sensitivity may be higher in tropical regions; however, with very few low latitude
studies, this is difficult to confirm. Previous studies with other taxa (Chapman and
Riddle, 2005b; King and Riddle, 2001), affirm this finding of increased copper
sensitivity of copepods at higher latitudes.
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Figure 2.4. Copper LC50 for copepod species with increasing latitude from the
available literature. Error bars represent 95% confidence intervals where supplied by
authors. Symbols indicate different regions: (!) tropical, (") temperate, (#)
subarctic, (#*) subantarctic (this study), and (o) Antarctic. Numbers on figure refer to
following references: 1 (Kwok et al., 2008), 2 (Kwok and Leung, 2005), 3 (Gissi et
al., 2013), 4 (Reeve et al., 1976), 5 (Lee et al., 2007), 6 (Verriopoulos and MoraïtouApostolopoulou, 1982), 7 (Arnott and Ahsanullah, 1979), 8 (Lussier and Cardin,
1985), 9 (O’Brien et al., 1988), 10 (Forget et al., 1999), 11 (Hutchinson et al., 1994),
12 (Bechmann, 1994), 13 (Marcus Zamora et al., 2015).

Along with being the first study to report metal toxicity to subantarctic marine
invertebrates, this is also one of the only studies on juvenile echinoderm sensitivity.
Most other studies on echinoderms focus on fertilisation, embryonic or larval stages.
Additionally there are very little data available on the sensitivity of saltwater
flatworms to metals (Wheeler et al., 2002a), with the exception of a highly sensitive
temperate polyclad flatworm with a 4 d LC50 of 14 -17 µg/L (Hughes et al., 2005).
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Based on the sensitivities of the species in the present study, it appears unlikely that
water quality guidelines developed in temperate areas will be suitable for subantarctic
areas. Like Antarctic biota, longer test durations with subantarctic biota were required
in order to deliver valid and robust results. We highlight the importance of testing a
wide diversity of species when attempting to develop guidelines for a particular region,
as the variation in sensitivities between taxa may be considerable and may be related
to the likelihood of exposure to natural stressors. The present study provides the first
data on metal toxicity to subantarctic marine invertebrates and contributes
significantly as the first step towards understanding the relative sensitivity of
subantarctic marine biota to metals. Further research with local biota is required to
provide better estimates of the sensitivity of taxa in this region to contamination.
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CHAPTER 3:!TOXICITY OF COPPER TO THREE COMMON
SUBANTARCTIC MARINE GASTROPODS
The content of this chapter has been accepted by Ecotoxicology and Environmental
Safety (October 2016) (Graphical abstract: Appendix E)
Jessica R. Holan, Catherine K. King, Bianca J. Sfiligoj, Andrew R. Davis
Keywords: metal, contaminant, sensitivity, sublethal, Macquarie Island, polar

3.1! Abstract
Investigating the impacts of contamination on high latitude ecosystems includes
determining the sensitivity of key taxa to contaminants. Unique characteristics, arising
from adaption to cold and stable temperatures has likely resulted in marine biota at the
poles being particularly sensitive to contamination in comparison to related species at
lower latitudes. This is the first study to investigate the sensitivity of subantarctic
marine gastropods to contamination, using three common and ecologically important
species. Sensitivity to copper was highly species specific. Laevilittorina caliginosa
was relatively tolerant, with no response at Cu concentrations up to 1488 µg /L
following 7 d of exposure, while two species (Cantharidus capillaceus coruscans and
Macquariella hamiltoni) were highly sensitive with 7 d Cu LC50 estimates of 33 µg/L
and 78 µg /L respectively. In a global comparison of gastropod sensitivity data, these
two species were highly sensitive to copper, highlighting the vulnerability of polar
ecosystems to contamination.
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3.2! Introduction
Sensitivity of marine biota to contamination is likely to vary latitudinally (Holan et
al., 2016a; King and Riddle, 2001; Marcus Zamora et al., 2015).

The unique

characteristics of polar marine biota, such as slow metabolisms, longer development
times and life spans, and growth to larger sizes, are common among species adapted
to cold and stable temperatures (Chapman and Riddle, 2005b). These characteristics
likely result in longer exposure times, slower uptake, but also slower detoxification of
contaminants. Biota in polar regions are therefore predicted to be more sensitive to
contaminants (Chapman and Riddle, 2005b). Furthermore, these communities have
slow ecological recovery rates after a contamination event (Chapman and Riddle,
2005b). While toxicity test methods have been developed and are routinely used for
tropical and temperate species, very few methods have been developed for high
latitude species (King and Riddle, 2001). It has been determined however, that
specific test conditions are required, such as longer test durations, in order to compare
their sensitivity with that of analogous species from other regions (Holan et al., 2016a;
King and Riddle, 2001; Marcus Zamora et al., 2015; Payne et al., 2014). Calls for
specific water quality guidelines for polar areas have been made, due to these likely
differences in sensitivities, as guidelines developed in lower latitudes may not be
appropriate for polar taxa (Chapman and Riddle, 2005b; Holan et al., 2016a; Marcus
Zamora et al., 2015).
Subantarctic biota, located in regions approximately halfway between temperate
regions and Antarctica, are likely to possess characteristics of each of these regions.
On the one hand, like the Antarctic, the subantarctic marine environment experiences
relatively cold and stable temperatures (Convey and Lebouvier, 2009). On the other
hand, subantarctic tidal zonation is similar to temperate regions and unlike the
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Antarctic where sea ice prevents zonation of biota in intertidal and subtidal zones.
Consequently, species living high on the subantarctic intertidal zone are exposed and
adapted to larger fluctuations in abiotic stressors (e.g. temperature, pH and salinity).
Species that are better adapted to abiotic stressors have also been found to have higher
tolerance to contamination (Holan et al., 2016a; Kwok and Leung, 2005). Evidence
therefore suggests that species located in the subantarctic will have sensitivities to
contaminants midway between the highly sensitive Antarctic species, and species of
temperate regions. Despite the likelihood of many species having high sensitivity to
contaminants, there are currently no ecotoxicological data published for subantarctic
gastropods. This is particularity worrisome, as the Southern Ocean comprises high
levels of endemism (Griffiths et al., 2009).
Gastropods are highly abundant in marine ecosystems world-wide, performing
important roles as grazers and as major food sources for higher trophic levels. Many
are highly susceptible to contaminants (Grosell et al., 2007) and to stressors associated
with climate change including ocean acidification (Byrne et al., 2010; Orr et al., 2005).
Removal of gastropods from intertidal environments has been shown to cause top
down trophic cascades by increasing algal densities and reducing space available for
other invertebrate biota to colonise (Lindberg et al., 1998). For example, mass
mortality of the grazing limpet Patella vulgata, resulting from an oil spill and its
treatment with dispersant, resulted in overgrowth of brown algae, which severely
impacted the remaining barnacle communities (Southward and Southward, 1978).
Gastropods on subantarctic Macquarie Island constitute an important part of the
intertidal community and food chain, regulating algal growth, and as prey species for
invertebrates such as isopods and sea stars, and birds such as Kelp gulls (Simpson,
1976). The trochid Cantharidus capillaceus coruscans, in particular, is a common
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food source for birds (Simpson, 1976) and crushed shells of this species can be seen
in skua (Catharacta skua) boluses, often observed kilometres from the intertidal zone
(JH pers. obs.).
Routine ecotoxicological tests with molluscs are usually conducted on bivalves or on
developmental stages of bivalves and gastropods, with few data available on the
toxicity of contaminants to adult stages of gastropods (Hunt and Anderson, 1993). The
focus on early life stages reflects their often higher sensitivity to contaminants relative
to adults in most invertebrate species (ANZECC/ARMCANZ, 2000; Hunt and
Anderson, 1993), and tests with early stages deliver quick and numerous data. This
deficiency in adult marine gastropod toxicity data needs to be addressed, due to their
often high sensitivity to contaminants in comparison to many other taxa (Grosell et
al., 2007; Hunt and Anderson, 1993)It is also likely that adult stages of some
gastropods are challenging as toxicity test organisms due to their ability to avoid
contact with test solutions. For example, the intertidal gastropod Austrocochlea
constricta was disregarded as a test species due to its tendency to climb out of the
water in treatments containing copper (Hughes et al., 2005). However, selection of
suitable test species should include sensitive and ecologically important species, rather
than a bias towards easily tested species (ANZECC/ARMCANZ, 2000; Hunt and
Anderson, 1993).Behavioural and sublethal endpoints can be used to gain insight into
the

sensitivity

of

species

where

mortality

is

difficult

to

determine

(ANZECC/ARMCANZ, 2000; Hughes et al., 2005). Many studies with gastropods
have adopted behavioural or sublethal endpoints such as retraction into shell (Cheung
and Wong, 1999), oxygen consumption (Cheung and Wong, 1998), modifications to
burying (Chapman et al., 1985) and grazing activity (Elfwing and Tedengren, 2002)
as alternatives to lethal endpoints.
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While generally considered pristine, the subantarctic has undergone several decades
of human habitation and continues to be impacted by a range of contaminants. Metal
contamination, including copper, is usually associated with legacy refuse and fuel spill
sites around subantarctic and Antarctic research stations (Deprez et al., 1994; Scouller
et al., 2006; Stark et al., 2003). Copper is also a major contaminant in coastal areas
due to its presence in sewage outfalls (Lee et al., 2010) and due to its increasing use
on ship hulls since the banning of TBT (Srinivasan and Swain, 2007). Concentrations
of copper may be increasing in subantarctic areas with increases in shipping activities
associated with research, fishing and tourism. Additionally, copper is one of the most
toxic metals to aquatic biota (Chapman and Riddle, 2005b; JunFeng et al., 2014; Rosen
et al., 2008). A growing body of research is aimed at determining whether polar
species are particularly sensitive to copper when compared to the sensitivities of
related taxa in other regions (Holan et al., 2016a; King and Riddle, 2001; Marcus
Zamora et al., 2015).
In this study, we determined the sensitivity of three subantarctic gastropods to copper;
the littorinids, Laevilittorina caliginosa (Gould, 1849) and Macquariella hamiltoni (E.
A. Smith, 1898); and the trochid, Cantharidus capillaceus coruscans (Hedley, 1916).
This is the first study to determine the sensitivity of subantarctic gastropods to
contamination. We aimed to determine appropriate test durations as well as both lethal
and sublethal endpoints for each species. Sublethal behavioural endpoints are
important as precursors to mortality, serving as “early warning signals” and can
indicate effects of contaminants at lower concentrations. We used adult gastropods
as early life stages were not easily obtainable from these species but are a priority for
future research. Based on previous findings with other subantarctic taxa (Holan et al.,
2016a), we hypothesised that taxa living on the upper intertidal zone will be more
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tolerant to copper than those lower on the shore. The study location, Macquarie Island,
is comparable to many other subantarctic areas with similar climates, as well as areas
of the Antarctic Peninsula and southern South America. Sensitivity data from this
study will therefore be applicable to the development of water quality guidelines and
risk assessments procedures across the whole subantarctic region.
3.3! Methods
3.3.1! Study location and species
Gastropods used in this study were collected from subantarctic Macquarie Island
(54.6167° S, 158.8500° E), which is located in the Southern Ocean, just north of the
Antarctic Convergence. Sea temperatures surrounding Macquarie Island are relatively
stable throughout the year, with average temperatures ranging from ~4-7 °C (Reynolds
and Banzon, 2008). Seawater samples were taken from gastropod collection sites and
verified as free from metal contamination by analysis by inductively coupled plasma
optical emission spectrometry (Varian 720-ES) (ICP-OES).
The three gastropod species were collected from a range of habitats within the
intertidal and subtidal zone (Figure 3.1.). Individuals of Laevilittorina caliginosa were
often located in pools high on the intertidal zone, but can occur throughout the
intertidal zone. Collections of this species were not specific to any one habitat.
Macquariella hamiltoni, endemic to Macquarie Island, was collected from macroalgae
in the high energy areas of the subtidal zone. Cantharidus capillaceus coruscans was
collected from the undersides of boulders in deep tide pools as well as from crevices
in the shallow subtidal. This species was also abundant on the floating fronds of
Macrocystis pyrifera in deep water up to several hundred meters from the shore.
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Figure 3.1. Distribution on the rocky shore at subantarctic Macquarie Island of the
three gastropod species used in toxicity tests in this study. Not to scale.
3.3.2! Toxicity tests
Toxicity tests were conducted at Macquarie Island, over the 2013/14 austral summer,
and at the Australian Antarctic Division (AAD) in Tasmania, Australia, in 2015. The
first round of tests with Laevilittorina caliginosa and Macquariella hamiltoni as well
as both tests for Cantharidus capillaceus coruscans were done on Macquarie Island,
while the second test for L. caliginosa and M. hamiltoni were done in Australia.
Gastropods for use in tests in Australia were collected at Macquarie island in the
2014/15 austral summer, transported by ship (RV Aurora Australis) in a recirculating
aquaria set at 6 °C and on arrival in Australia, were transported to the Marine Research
Facilities at the AAD where they were housed in purpose-built recirculating aquariums
at 6°C prior to being used in tests. Tests with M. hamiltoni were done 1 week after
arrival in Australia, and tests with L. caliginosa, 8 weeks after arrival. For tests done
at the Macquarie Island laboratory, gastropods were acclimated to laboratory
conditions for 2 days prior to their use in tests.
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Test solutions were prepared 24 hours prior to the addition of animals. All
experimental vials and glassware were acid washed with 10% nitric acid and rinsed
with MilliQ water three times before use. Five copper concentrations in seawater plus
a control were prepared using Analytical grade Univar 500 mg/L CuSO4, MilliQ water
stock solutions. Seawater used as the diluent in tests was filtered to 0.45µm and water
quality parameters were measured using a TPS 90-FL multimeter at the start and end
of tests. Dissolved oxygen (DO) was >80% saturation, salinity was 33-35 ppt, and pH
was 8.1-8.3 at the start of tests.

Tests were conducted in controlled temperature

cabinets set at 6°C under a light-dark regime (at 2360 lux) of 16:8 h light:dark in
summer, and at 12:12 h during the remainder of the year. Temperatures within
cabinets were monitored throughout the test using ibutton data loggers. Water samples
of each test concentration were taken at the start (day 0) and end of tests (day 14). Test
seawater samples were filtered through a 0.45µm Minisart syringe filter and acidified
with 1% ultra-pure nitric acid before being analysed by ICP-OES to determine
dissolved metal concentrations. Details of ICP-OES procedures are described in
Appendix B. Measured concentrations at the start of tests were within 96% of nominal
target concentrations. These were averaged with measured concentrations at the end
of tests, to estimate exposure concentrations which were then used in statistical
analyses for point estimate determinations (Table 3.1).
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Table 3.1. Copper concentrations (µg/L) used in toxicity tests with subantarctic
gastropods (concentrations are the average of measured concentrations in test
solutions at d 0 and d 14, as determined by inductively coupled plasma optical
emission spectrometry)
Copper concentrations tested (µg/L)
Test species

Test 1

Test 2

Laevilittorina caliginosa

0, 69, 101, 220, 476, 686 0, 133, 280, 647, 992,
1488

Macquariella hamiltoni

0, 145, 226, 281, 493, 0, 26, 42, 69, 105, 169
648

Cantharidus capillaceus

0, 34, 46, 72, 150, 251

0, 15, 34, 57, 71, 102

coruscans

Two different water renewal regimes were used and tests ran for 7 to 14 d. A static
non-renewal test regime was used for Laevilittorina caliginosa and Macquariella
hamiltoni. In contrast, water was renewed every second day for tests with the larger
species Cantharidus capillaceus coruscans, in an attempt to maintain water quality.
Two replicate tests were run for each species. Tests were terminated when surviving
individuals occurred in less than two concentrations, which occurred earlier (by 7-10
d) for C. capillaceus coruscans, in both tests. Tests were done in lidded polyethylene
vials of varying sizes, depending on the size and number of individuals in the test. For
L. caliginosa and M. hamiltoni, tests were done in 120 mL vials containing 100 mL of
seawater with 10 individuals per vial and 5 replicates per concentration. Tests with C.
capillaceus coruscans were done in 500 mL vials containing 450 mL seawater with 56 individuals per vial and 5-6 replicates per concentration. Concentrations used in
replicate tests were not the same, as information on the sensitivity of the species
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acquired from the first test was used to guide appropriate exposure concentrations in
the second test.
Two endpoints were used to determine sensitivity to copper: survival (mortality) and
attachment (sublethal effects). Vials were checked daily and survival and behaviour
including attachment were observed and recorded on days 1, 2, 4, 7, 10 and 14. For all
species, mortality was scored when opercula were open and there was no response to
the stimulus of the touch of a probe on the operculum. All dead individuals were
removed from test vials when observed. Behaviours scored were attachment with the
foot (healthy and active), open (unattached with foot out of the shell) and closed
(retraction of the foot into the shell). Individuals of Macquariella hamiltoni tended to
climb the sides of vials and would hang on the underside of the meniscus of the water.
This behaviour was scored as attached behaviour as only those that could attach to the
sides of test vials would have been able to climb to the water meniscus. Furthermore,
they were clearly in an open and in a healthy state. Attachment was used to calculate
EC50 estimates. At the termination of each test, individuals that had retracted into
their shell were placed in clean seawater for 24 hours to determine their ability to
recover following exposure to copper.
3.3.3! Data analysis
LC50 (concentrations that resulted in 50% mortality in the test population) and EC50
(concentrations that resulted in 50% of the test population remaining attached) values
were determined for 4, 7, 10 and 14 d exposure. Maximum Likelihood Probit or
Trimmed Spearman Karber models were used to determine point estimates using the
software ToxCalc (version 5.0, Tidepool Scientific Software). Estimates for days 1
and 2 are not shown due to limited responses.
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3.4! Results
Sensitivity to copper was found to be correlated with species position on shore. The
most tolerant species to copper was the high-shore Laevilittorina caliginosa by a large
margin, followed by the low-shore Macquariella hamiltoni, then low-shore
Cantharidus capillaceus coruscans (Figure 3.2, Table 3.2). This relative toxicity
pattern (L. caliginosa > M. hamiltoni > C. capillaceus coruscans) was generally
consistent for both lethal and sublethal estimates and also across all days for lethal
responses and across most days for behavioural responses (Table 3.2). The only
exception was for L. caliginosa and M. hamiltoni at 4 d, where they had similar EC50
estimates. However, ability to attach by M. hamiltoni declined by 7 d, but did not for
L. caliginosa (Table 3.2).
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Figure 3.2.
Effect of copper on the survival of three species of subantarctic
gastropods following 7 d exposure. Lines represent 2 independent replicate tests for
each species. Note that concentrations up to 1488 µg/L for Laevilittorina caliginosa
did not cause significant mortality. Error bars are ± 1 standard error.
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A minimum exposure period of 7 d was required to elicit a lethal response for
Macquariella hamiltoni and Cantharidus capillaceus coruscans, while Laevilittorina
caliginosa responded more slowly (Figure 3.3). Survival dropped abruptly between 4
and 7 d at the concentrations tested for M. hamiltoni and C. capillaceus coruscans
(Figure 3.3). Confidence around estimates increased with time, with narrower fiducial
limits at 7 d compared to 4 d for M. hamiltoni and C. capillaceus coruscans and with
consistent estimates between tests for C. capillaceus coruscans (Table 3.2). LC50
estimates for L. caliginosa differed between tests; for test 1, significant mortality in
the higher concentrations tested was first observed at day 14, while for Test 2,
significant mortality did not occur in any of the concentrations tested up to and
including 14 d (Table 3.2).
The sublethal behavioural responses of Macquariella hamiltoni and Cantharidus
capillaceus coruscans to copper exposure differed from that observed in Laevilittorina
caliginosa (Figure 3.4). While L. caliginosa closed their opercula when exposed to
higher copper concentrations, M. hamiltoni and C. capillaceus coruscans appeared
unable to do so. At 7 d, all of the M. hamiltoni and C. capillaceus coruscans
individuals that were alive but unattached, did not fully close opercula and were open
to water exchange (Figure 3.4). The percentage of L. caliginosa with closed opercula
increased with increasing copper concentration (Figure 3.4). The decrease in ability or
tendency to attach to experimental vials with increasing copper concentration was
consistent for all species (Figure 3.4).
Water quality parameters remained relatively stable and within acceptable limits
throughout all tests. Temperature was 6 ±1 °C and salinity 32-35 ppt, indicating that
minimal evaporation from vials occurred. Values for DO and pH were more variable,
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and differed between species, with values rapidly declining for Cantharidus
capillaceus coruscans to a minimum of 22% DO and a pH of approximately 7.3 by
2 d. For Macquariella hamiltoni and Laevilittorina caliginosa, DO and pH values
were much less variable, with DO remaining at 70-100% and pH at 7.1-7.6 by 14 d.
Due to the lowered pH of 7.1-7.6, 14 d values should be considered with that in mind.
Maximum loss of copper from the test solutions over the experimental period was 37%
for M. hamiltoni, 46% for C. capillaceus coruscans and 56% for L. caliginosa.
Control mortality was low until 10 to 14 d where it increased to 10-20% for M.
hamiltoni and C. capillaceus coruscans, and remained at 0 % for L. caliginosa (Figure
3.3).
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Figure 3.3. Effect of copper on the survival of three species of subantarctic gastropods
over a 10-14 d exposure period (A) Laevilittorina caliginosa, (B) Macquariella
hamiltoni, and (C) Cantharidus capillaceus coruscans. Note that copper
concentrations tested varied among taxa. Only data from test 2 with each species is
shown as more appropriate concentrations were used in these tests following
information accrued from test 1.
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Table 3.2. Point estimates (±95% fiducial limits) for copper (µg/L) for three
subantarctic gastropod species. EC50 estimates are based on the gastropods’ ability to
attach, a sublethal metric which represents healthy and active individuals.
Lethal
response
Laevilittorina
caliginosa
Macquariella
hamiltoni
Cantharidus
capillaceus
coruscans
Behavioural
response
Laevilittorina
caliginosa
Macquariella
hamiltoni
Cantharidus
capillaceus
coruscans

Day 4

Day 7

Day 10

Day 14

Test #

LC50

LC50

LC50

LC50

1
2
1
2
1
2

>686a
>1487a
367 (333-409)
398b (242-2166)
286 (204-584)
158c

>686a
>1487a
<145d
78 (68-87)
25 (9-34)
33 (16-48)

1841b(1044-31986)
>1487a
<145d
42 (35-49)
<34d
17 (13-20)

537 (426-741)
>1487a
<145d
32 (0-53)
<34d
<15d

Test #

EC50

EC50

EC50

EC50

1
2
1
2
1
2

158 (129-189)
110 (67-136)
<145d
137 (117-150)
23 (4-32)
34 (29-39)

144 (137-152)
106 (59-130)
<145d
57 (46-66)
<34d
18 (15-21)

162 (148-178)
59 (9-97)
<145d
39 (28-48)
<34d
<15d

152 (147-157)
67 (3-104)
<145d
30 (25-34)
<34d
<15d

a

A “greater than” symbol (>) indicates the highest concentration with no response, or
that the estimate was unable to be calculated.
b
Modelled estimate is outside the range tested and should be interpreted with caution.
c
95% fiducial intervals not reported by software due to model structure and high
variation.
d
A “less than” symbol (<) indicates significant mortality in the lowest concentration,
thus an estimate could not be determined and the lowest test concentration is given.
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Figure 3.4. Effect of copper on the behaviour of three species of subantarctic
gastropods following 7 d exposure (A) Laevilittorina caliginosa, (B) Macquariella
hamiltoni, and (C) Cantharidus capillaceus coruscans. Responses were: Attached
(blue bar) which refers to the ability to attach to the experimental vial (used as the
sublethal endpoint in Table 3.2); open (grey bar), where the individual is unattached,
but not closed from exchange with the water; and closed (green bar), where the
individual has completely retracted into the shell and closed their operculum to prevent
water exchange. Only data from test 2 with each species are shown as more
appropriate concentrations were used in these tests following information accrued
from test 1.
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3.5! Discussion
Two of the three gastropods in the present study were sensitive to copper, while one
species, Laevilittorina caliginosa was relatively tolerant (Table 3.2). This variation in
sensitivity between species is consistent with our hypothesis based on the species
position on the shore. Comparing these two sensitive gastropods to lower latitude
species from other studies, it would appear that subantarctic species are more sensitive
to copper than gastropods in other regions (Table 3.3). Other high latitude fauna also
show high sensitivity to copper. For example, early-life stages of the Antarctic
echinoid were highly sensitive in comparison to those in other regions (King and
Riddle, 2001). The Antarctic copepods Paralabidocera antarctica, Oncaea curvata
and Stephos longpipes, (Marcus Zamora et al., 2015) and the subantarctic copepod
Harpacticus sp. (Holan et al., 2016a), were all more sensitive to copper than most
copepods in other regions. The metabolic constraints on polar biota may mean that
less energy is available for detoxification and depuration of copper, increasing their
sensitivity to the contaminant (Chapman and Riddle, 2005b). The only species from
previous gastropod studies that was found to be more sensitive than both subantarctic
species was Patella vulgata (Table 3.3). While its high sensitivity may be due to its
distribution in relatively high latitudes, it is more likely due to differences in uptake
pathways. The authors of the study suggest its sensitivity is due to the test individuals
being fed which provided a possible additional route of uptake of contaminants thereby
increasing exposure and sensitivity (Brown et al., 2004), as has been shown in other
studies (Depledge and Rainbow, 1990).
The large difference in the sensitivity of species in the present study was consistent
with our hypothesis of sensitivity differing with position on shore.

Despite both

Laevilittorina caliginosa and Macquariella hamiltoni being members of the same
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family (Littorinidae), M. hamiltoni was over an order of magnitude more sensitive to
copper contamination. While Cantharidus capillaceus coruscans and M. hamiltoni
occur on the subtidal, L. caliginosa occurs on the mid-upper intertidal zones. L.
caliginosa is therefore better adapted to tolerate abiotic stressors and environmental
extremes than C. capillaceus coruscans and M. hamiltoni (Simpson, 1976). One other
possibility for the high sensitivity of C. capillaceus coruscans to copper in the tests
from the present study, despite observing no mortality, could be the interactive effect
of lowered pH in the presence of copper after 2 days. However, this is unlikely as pH
did not fall below 7.3 and solutions were renewed every two days.
Large variation in copper toxicity between related species in the same region is
common, especially on the intertidal zone. For example, for subantarctic copepods
within the family Harpacticidae, a low shore species was found to be 40 times more
sensitive to copper than a high shore species (Holan et al., 2016a). High shore copepod
Tigriopus spp. are thought to be highly tolerant to copper, due to their ability to enter
a ‘dormant’ phase to reduce exposure to stress (McAllen et al., 1999). De Pirro and
Marshall (2005) determined that while phylogeny is likely the most important factor
in a species sensitivity to contamination, position on shore was also an important
predictor for copper tolerance between closely related gastropods. De Pirro and
Marshall (2005) reported that two pulmonate Siphonariidae limpets tolerated higher
copper concentrations (despite one being low-shore) than two mid-shore true limpets,
Cellana capenis and Helicon concolor.

When comparing between the two

Siphonariidae limpets, the upper shore species (Siphonaria capensis) was vastly more
tolerant of copper than the lower shore species (Siphonaria serrata) (see LC50
estimates in Table 3.3).
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The ability, or tendency, to close the operculum is the likely mechanism for differing
sensitivities between the high and low shore gastropods in the present study.

A

previous study by Simpson (1976), with Laevilittorina caliginosa and Cantharidus
capillaceus coruscans, determined that L. caliginosa can tolerate markedly higher
salinities and temperatures than ambient. By retracting into its shell and closing its
operculum, 75% of L. caliginosa were able to fully recover after being progressively
exposed to salinities up to 86 ppt, and 100% recovered after being exposed to
temperatures of up to 20°C for 15 hours (Simpson, 1976). In contrast, the subtidal C.
capillaceus coruscans was unable to cope with these temperature and salinity changes
due to its inability to close its operculum; only 5% fully recovered after progressive
exposure to high salinities and 40% died after being exposed to temperatures of up to
20°C for 15 h (Simpson, 1976). Opercula closure of subtidal gastropods is likely a
defensive response to predators rather than a response to prevent abiotic stress, as
conditions are less variable in the subtidal compared to the intertidal. For example,
while the subtidal Babylonia lutosa is equipped with an operculum, it was used only
as a defence against predation and could not tolerate abiotic stressors. Conversely, the
intertidal Nassarius festivus closed its operculum when exposed to abiotic stress and
was therefore highly tolerant (Morton, 1990). Other physiological responses, related
to frequent exposure to natural stress, could be the expression of heat shock proteins.
For example, the widely distributed zebra mussel induced a stress response by
exhibiting heat shock proteins when exposed to copper and TBT (Clayton et al., 2000).
The ability of Laevilittorina caliginosa to close its operculum highlights the
difficulties of working with gastropods as test species. As individuals of this species
often retracted into their shell, mortality was difficult to confirm. A closed shell was
unlikely to indicate death, as approximately 25% of individuals recovered and
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extended out of their shell following exposure in tests, after being placed in clean water
for 24 h. Individuals were also occasionally seen extending out of their shell after
being recorded as ‘closed’ during observations, indicating relatively healthy
individuals. Occasionally, mortality was obvious for L. caliginosa when the opercula
were open and the animals failed to respond to stimulus. However this occurrence was
rare, hence the survival at high copper concentrations. The difference in LC50 values
between tests 1 and 2 for L. caliginosa may have been due to differences in the
behaviour or tolerance of each test population. Alternatively, the differences may have
been due to pre-test stressor exposure, as test 1 was done on Macquarie Island and test
2 in Australia after housing in aquaria for 2 months. Longer test durations or higher
concentrations may result in LC50 estimates being better able to be determined in L.
caliginosa, however whether such high concentrations are environmentally relevant is
questionable (Holan et al., 2016a). Despite the difficulties of working with this
species, this study highlights the need for testing a range of species within a region, to
encompass varying sensitivities and to avoid overlooking sensitive species such as
Cantharidus capillaceus coruscans.
We observed a strong correlation between behaviour and mortality. The sublethal
endpoint (ability to attach) showed similar trends to lethality among species
(Laevilittorina caliginosa > Macquariella hamiltoni > Cantharidus capillaceus
coruscans). This indicates that inability to attach can be an early warning indicator
of unhealthy individuals at lower concentrations and a precursor to mortality for at
least M. hamiltoni and C. capillaceus coruscans.

Additionally, there was greater

confidence (smaller range in 95% fiducial limits) for EC50 estimates in comparison to
LC50 estimates with all species, especially at 4 d (Table 3.2). Sublethal estimates are
increasingly used and may facilitate a better understanding of environmental impacts
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of contaminants at ecologically relevant concentrations (Faimali et al., 2006). We
therefore suggest that sublethal endpoints as opposed to mortality may be a more
informative indicator of toxicity for L. caliginosa. Other useful endpoints would
include embryo development which could be considered chronic over a short timeperiod.
The minimum exposure duration used to elicit a lethal response in test biota was 7 d.
This was similar to that determined and used in tests with other polar biota (Holan et
al., 2016a; Marcus Zamora et al., 2015). For both Cantharidus capillaceus coruscans
and Macquariella hamiltoni, we recommend a minimum of 7 d exposure to enable
comparisons with studies on related taxa from other regions. This recommendation is
based on minimal mortality in controls over this time frame (Figure 3.2), the sharp
drop in survival in treatments between 4 and 7 d (Figure 3.3), and better confidence
around estimates at 7 d LC50 estimates (Table 3.2). If using sublethal endpoints, 4 d
would be sufficient for calculating EC50 estimates (Table 3.2).
Water quality guidelines developed in other regions may not be suitable for the
subantarctic region. The presence of two relatively sensitive gastropods in this study,
along with a highly sensitive copepod from a previous study (Holan et al., 2016a),
suggest that subantarctic species may be more susceptible to copper contamination
than those in other regions. Macquarie Island experiences high energy wave action,
where contaminants that may enter the marine environment would be quickly
dispersed. Populations on Macquarie Island may therefore only experience harmful
levels of contaminants if there were to be a large-scale contamination event, or if
activities on the island were to change. It is likely that marine invertebrates in other
subantarctic areas will encounter significant levels of contaminants where there is low
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energy environments and where there has been considerable historical impacts from
activities such as whaling (eg South Georgia) (Convey and Lebouvier, 2009).
However, there has been little work done on the actual levels of contaminants
occurring in subantarctic regions.

These issues highlight the need for further

investigation and the potential need for the development of specific water quality
guidelines. We recommend further testing of subantarctic species with an emphasis on
early life stages, as they are likely to be more sensitive.
3.5.1! Conclusion
Subantarctic gastropods appear more sensitive to copper in comparison to gastropods
at lower latitudes. Despite the confounding aspect of heightened tolerance of upper
shore species, it is clear that two of these species, which are important members of the
intertidal assemblage at Macquarie Island, are sensitive to copper at relatively low
concentrations. Coupled with a likely slow recovery time in colder waters, this study
indicates that a large contamination event could have severe impacts on subantarctic
intertidal ecosystems. Further research with both Antarctic and subantarctic species
would provide better estimates of the sensitivity of polar biota to contaminants.
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Table 3.3. Comparisons of the toxicity of copper to adult marine gastropods in this
study and in previously published studies.
Family
Latitude LC50
Species
Test
Reference
(°N or S) (µg/L)
duration
(d)
Neritidae
6
1650
Nerita
4
(Oyewo and Donsenegalensis
Pedro, 2002)
Potamididae
6
8848
Tympanotonus 4
(Oyewo and Donfuscatus
Pedro, 2002)
Potamididae
9
521
Cerithedia
4
(Ramakritinan et al.,
cingulata
2012)
Muricidae

17

370

Nassariidae

22

360

Trochidae

28

>1632

Siphonariidae

30

1960

Siphonariidae

30

250

Nacellidae

30

~100

Patellidae

30

~100

Haliotidae

35

50

Haliotidae

35

65

Haliotidae

38

87

Morula
granulata
Nassarius
festivus
Austrocochlea
constricta
Siphonaria
capensis
Siphonaria
serrata
Cellana
capensis
Helcion
concolor
Haliotis
cracherodii
Haliotis
rufescens
Haliotis rubra

Patellidae

50

17

Patella vulgata 7

Trochidae

54

29

Littorinidae

54

78

Littorinidae

54

537>1487

Cantharidus
capillaceus
coruscans
Macquariella
hamiltoni
Laevilittorina
caliginosa

50

4

(Devi, 1998)

4

(Cheung et al., 2002)
(Hughes et al., 2005)

4

4

(De Pirro and Marshall,
2005)
(De Pirro and Marshall,
2005)
(De Pirro and Marshall,
2005)
(De Pirro and Marshall,
2005)
(Martin et al., 1977)

4

(Martin et al., 1977)

4

(Gorski and Nugegoda,
2006)
(Brown et al., 2004)

4
4
4

7

This study

7

This study

7

This study

CHAPTER 4:!COMPARATIVE SENSITIVITY OF DIFFERENT LIFE
STAGES OF COMMON SUBANTARCTIC MARINE INVERTEBRATES
TO COPPER
In preparation for submission to Environmental Toxicology and Chemistry
Jessica R. Holan, Catherine K. King, Andrew R. Davis
Keywords: toxicity, contamination, metals, Macquarie Island
4.1! Abstract
The development of environmental guidelines in areas such as the Antarctic and
subantarctic is essential, as expansion of research, tourism, fishing and global
transportation of contaminants places these once pristine regions at increasing risk of
contamination. To develop the most protective and robust environmental guidelines,
it is critical to include data from the most sensitive life stages of a species to ensure
effective protection throughout its life cycle. It is generally accepted that early life
stages are more sensitive to contaminants, however, in comparison to fish, few studies
have compared the sensitivities of juvenile and adult life stages of invertebrates to
contaminants.

In this study, we compared the relative toxicity of copper between

juvenile and adult life stages of four subantarctic marine invertebrates. Juveniles of
the gastropod Laevilittorina caliginosa and the flatworm Obrimoposthia ohlini were
more sensitive than the adults. For the isopod, Limnoria stephenseni, juveniles were
either more sensitive or of equal sensitivity to adults. In contrast, adults appeared to be
more sensitive than young adults for the bivalve Gaimardia trapesina. This study
provides evidence that patterns in relative sensitivity of different life history stages
observed in fish are generally consistent with marine invertebrates.
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4.2! Introduction
It is widely accepted that early life stages are more sensitive than adults to many
environmental stressors, including contaminants (ANZECC/ARMCANZ, 2000; King
and Riddle, 2001). However, in comparison to fish, there are relatively few published
reports on the comparative sensitivity of different life stages of aquatic invertebrates
to toxicants (Hutchinson et al., 1998; Muyssen and Janssen, 2007).

The few

comparisons that have been made reveal that the most sensitive stage in a species’ life
history differs between species and is dependent on the contaminant in question (Cope
et al., 2008; Muyssen and Janssen, 2007). A review by Hutchinson et al., (1998)
challenged the notion of a general decrease in sensitivity with age; they demonstrated
through comparisons of EC50 estimates that juvenile aquatic invertebrates were more
sensitive than adults for just 1 of the 12 chemicals tested. While there are few studies
comparing the sensitivity of different life stages to environmental stressors in polar
regions, recent studies report that juveniles of Antarctic marine invertebrates are more
resistant to warming and hypoxia than adults (Clark et al., 2013; Peck et al., 2013).
The development of water quality guidelines has several provisions to ensure adequate
protection for local biota. Each species should be tested at its most sensitive life stage,
in order to provide protection across its entire life span (Medina et al., 2002). In
addition, environmental guidelines for specific regions need to be developed based on
local native flora and fauna, and should include a minimum of 5-10 species with over
15 species being the optimum number (Warne et al., 2015; Wheeler et al., 2002b).
These taxa should include ecologically important and relatively sensitive species
(ANZECC/ARMCANZ, 2000; García et al., 2010; Hunt and Anderson, 1993;
Mohammed et al., 2009). Knowledge of the differences in sensitivity between species
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and life-stages will guide planning and decisions for future toxicity studies with high
latitude taxa.
Though largely still considered a pristine environment, many decades of human
activity has left the subantarctic exposed to and impacted by a range of contaminants.
Legacy waste tip and fuel spill sites around subantarctic and Antarctic research stations
generally have elevated concentrations of contaminants including metals (Deprez et
al., 1994; Scouller et al., 2006; Stark et al., 2003). Indirect effects of climate change,
including increased rainfall and sea-level rise may increase the mobilisation of
contaminants from such sites (Foulds et al., 2014), and enhance their movement to
intertidal zones in these regions.
Copper is one of the highest risk contaminants to polar coastal areas, due to both its
prevalence and its toxicity. It is a major contaminant in coastal zones, due to its
existence in sewage outfalls (Lee et al., 2010) and its increasing use on ship hulls since
the banning of TBT (Srinivasan and Swain, 2007). Concentrations of copper may
therefore be increasing in subantarctic areas with the intensifying shipping activities
associated with research, fishing and tourism. Copper has been found to be one of the
most toxic metals to aquatic biota in comparison to other metal contaminants in
tropical and temperate regions (Chapman and Riddle, 2005b; JunFeng et al., 2014;
Rosen et al., 2008).
Previous studies have attempted to determine whether copper is particularly toxic to
polar species when compared to sensitivities of species in other regions (King and
Riddle, 2001; Marcus Zamora et al., 2015). Species at high latitudes may be more
sensitive to contaminants than analogous species in temperate and tropical areas
(Chapman and Riddle, 2005b). Unique characteristics, such as being long-lived,
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growing to large sizes, having a higher-lipid content, having long developmental
stages and slow metabolic rates may all elevate the sensitivity of high latitude taxa to
contamination (Chapman and Riddle, 2005b). Due to some of these unique
characteristics and the characteristics of the environment in which they live, longer
test durations must also be used in toxicity tests with high latitude species in order to
accurately compare their sensitivities with those of species from other regions (Holan
et al., 2016a; King and Riddle, 2001). The slow development of these species
highlights the need for comparative toxicity data between life stages, as slower
development at early life stages could mean that high latitude species spend longer at
more vulnerable stages (King and Riddle, 2001).
The aim of this study was to compare the sensitivity of different life stages of several
subantarctic marine invertebrates to copper. We selected four species from different
phyla: the isopod Limnoria stephenseni (Menzies 1957), the bivalve Gaimardia
trapesina (Lamarck 1918), the gastropod Laevilittorina caliginosa (Gould 1849) and
the flatworm Obrimoposthia ohlini (Bergendal, 1899). In addition to mortality, we
aimed to determine appropriate sublethal measures as alternative endpoints for each
species. Lastly, we aimed to determine the most appropriate species for future
culturing and use in toxicity tests. Individuals used in toxicity tests were collected from
Macquarie Island. This island is analogous to many other subantarctic islands, as well
as areas of the Antarctic Peninsula and southern South America with similar climates.
Findings from this study will therefore be applicable to the development of water
quality guidelines and risk assessments procedures across the whole subantarctic
region.
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4.3! Methods
4.3.1! Study location and species
The four species used in this study were collected from subantarctic Macquarie Island
(54.6167° S, 158.8500° E), just north of the Antarctic Convergence in the Southern
Ocean.

Sea temperatures surrounding Macquarie Island are relatively stable

throughout the year, with average temperatures ranging from ~4 to 7 °C (Reynolds and
Banzon, 2008). Collection sites were free from any obvious signs of contamination
and did not have elevated concentrations of metals as confirmed by analysis of
seawater samples from the collection sites by inductively coupled plasma optical
emission spectrometry (ICP-OES; Varian 720-ES).
Toxicity tests were conducted at Macquarie Island over the 2013/14 austral summer,
and at the Australian Antarctic Division (AAD) in Tasmania, Australia, from 2013 to
2015. The aquarium at the AAD used for culturing and for holding biota prior to their
use in tests was maintained at a temperature of 5.8°C under flow-through conditions
(at 0.49L/sec). Individuals for toxicity tests on the island and individuals for return to
Australia for culturing were collected from a range of habitats within the intertidal and
subtidal zones. All species were highly abundant in each of their respective habitats.
The gastropod Laevilittorina caliginosa was collected from pools high on the intertidal
zone; the flatworm Obrimoposthia ohlini, from the undersides of boulders from the
intertidal to shallow subtidal areas; the bivalve Gaimardia trapesina, from several
macroalgae species in high energy locations in the shallow subtidal; and the isopod
Limnoria stephenseni, from the floating fronds of the kelp Macrocystis pyrifera, which
were located several 100 meters offshore.
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Juvenile flatworms, isopods and gastropods were all products of reproduction in the
laboratory at the AAD, and hence their approximate age at testing is known. The
flatworms hatched from small (2 mm in diameter) brown eggs, laid on rocks or on the
side of aquaria. The flatworms had age based morphological differences; juvenile
flatworms were light grey in colour, while the adults were black. The gastropods
hatched from small (1 mm in diameter) translucent eggs laid on weed, often in a
cluster. For flatworms and gastropods, juveniles were not all the same age at testing
due to differing hatching times, with ages ranging from 2 weeks to 3 months. In
contrast, juvenile isopods were all the same age. Although brooding isopods were not
observed, juveniles were noticed during routine feeding, thus were likely within 2-3
days of being released, 6 months after adults were brought from the field to the
aquarium. The tests with these juvenile isopods were done within 1 week of their being
observed.
Care was taken to collect adults from the field, for each species, within a narrow size
range to minimise differences in ages between individuals tested (Table 4.1). However,
ages of adults individuals used in tests are unknown. The smaller size class of bivalves
tested (juveniles: 2.5 ± 0.5 mm, Table 4.1) was also collected from the field along with
the adults (8.0 ± 1.0 mm, Table 4.1). Based on knowledge on the growth rate of this
species (0.8 mm per year; Everson (1977), the smaller size class likely represents a
young adult of approximately 2.5 to 4 y old, as opposed to a juvenile stage, and adults
collected were approximately 9 to 11 y old.
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4.3.2! Toxicity tests
A static non-renewal test regime was used for all tests. Two replicate tests were done
for each species at each life stage, with the exception of the juvenile isopods, where
due to the limited number of individuals available, only one test was done. All
experimental vials and glassware were washed in 10% nitric acid and rinsed
thoroughly with MilliQ water three times before use. Tests were done in lidded
polyethylene vials of varying sizes, depending on the size and number of individuals
in the test (Table 4.1). Water was not aerated as DO stayed relatively high for tests
due to high dissolution rates in cold water. Acid washed and Milli-Q rinsed mesh (600
µm nylon) was provided for isopods to rest on, while no structure was added to vials
for the other test species. Test solutions were prepared 24 h prior to the addition of
invertebrates. Five copper concentrations in seawater were prepared using a 500 mg/L
Univar analytical grade CuSO4 in MilliQ stock solution, plus a control for each test.
Seawater was filtered to 0.45 µm, and water quality parameters were measured using
a TPS 90-FL multimeter at the start (d 0) and end (d 14) of tests. Dissolved oxygen
(DO) was >80% saturation, salinity was 33 to 35 ppt, and pH was 8.1 to 8.3 at the start
of tests. Tests were kept in controlled temperature cabinets set at 6°C under 16:8h
light:dark during the summer, and 12:12 for tests during the rest of the year (light
intensity of 2360 lux). Temperatures within cabinets were monitored throughout the
test using Thermochron iButton data loggers.
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Table 4.1. Toxicity test conditions used for each test
subantarctic marine invertebrates.
Species
Vial size Water
No. of
(mLs)
volume
replicate
(mLs)
vials per
Adults
conc.
Isopod
200
180
5
Limnoria
stephenseni
Bivalve
200
180
5
Gaimardia trapesina
Flatworm
200
180
5
Obrimoposthia
ohlini
Gastropod
120
100
5
Laevilittorina
caliginosa
Juveniles

species and life stage of

Isopod
70
50
Limnoria
stephenseni
b
Bivalve
120
100
Gaimardia trapesina
Flatworm
70
50
Obrimoposthia
ohlini
Gastropod
70
50
Laevilittorina
caliginosa
a
Measurement of longest dimension.
b”
Juvenile” bivalves were more likely young
per year, reported in (Everson, 1977).

No. of
individual
s per vial

Size ±SD
(mm)a

10

5.0 ± 1.0

10

8.0 ± 1.0

10

5.8 ± 1.1

10

3.6 ± 0.6

3

7

2.0 ± 0.0

5

10

2.5 ± 0.5

5

10

2.6 ± 0.8

3-4

6-10

0.8 ± 0.2

adults based on growth rates of 0.8mm

Water samples of each test concentration were taken at the start (day 0) and end of
tests (day 14). Samples were filtered through an acid and Milli-Q rinsed, 0.45µm
Minisart syringe filter and acidified with 1% ultra-pure nitric acid before being
analysed by ICP-OES to determine dissolved metal concentrations. Details of ICPOES procedures are described in Appendix B.

Measured concentrations at the start

of tests were within 96% of nominal target concentrations. Measured concentrations
at the start and end of tests were averaged to estimate exposure concentrations, which
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were subsequently used in statistical analyses to determine point estimates (Table 4.2).
Both lethal (survival) and sublethal (behavioural) endpoints were used to determine
sensitivity to copper. Vials were checked daily and survival and sublethal responses
were observed and recorded on days 1, 2, 4, 7, 10 and 14. Tests were terminated when
surviving individuals occurred in less than two treatments, which was generally at 14
d for all species except for bivalves, in which this occurred sooner (7 to 10 d).
Gastropods were scored as dead when their operculum was open and there was no
response to stimulus (touch of a probe) on the operculum. Flatworms were scored as
dead when there was no movement. Bivalves was scored as dead when there was no
movement and when the shells were gaping open due to dysfunctional adductor
muscles. Isopods were scored as dead when they were paler in colour and lying
motionless on the bottom of vials.
The behavioural endpoint scored for each species was attachment, which indicated
healthy and active individuals. For gastropods, this meant the foot was fully extended
and attached to experimental vials; for flatworms, the whole body was able to attach
(as those affected by copper appeared slightly contracted and could not lie flat); for
bivalves, the byssal threads were used to fix individuals to the bottom of the vial, with
the siphon also visible and shell slightly open for water exchange; and for isopods,
individuals were either holding onto the provided mesh or were swimming, in which
case they often reattached to the mesh during observation. Contaminated water from
experiments done on Macquarie Island were brought back to Australia and disposed
of through Veolia.
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Table 4.2. Copper concentrations (µg/L) used in each test, determined by the average
of the measured concentration at the start (d 0) and end (d 14) of tests for each
treatmenta
Isopod
Limnoria stephenseni
Adult
Juvenile

Test 1

Test 2

0, 84, 178, 366, 534, 725
0, 30, 77, 168, 260, 519

0, 82, 166, 333, 534
b
NT

Bivalve
Gaimardia trapesina
Adult
0, 10, 27, 57, 115, 173
0, 21, 27, 47, 60, 80
Juvenile
0, 43, 85, 162, 267, 610
0, 13, 29, 41, 62, 75
Flatworm
Obrimoposthia ohlini
Adult
0, 38, 82, 254, 418, 609
0, 278, 463, 634, 984, 1332
Juvenile
0, 43, 93, 243, 459, 664
0, 50, 105, 212, 439
Gastropod
Laevilittorina caliginosa
Adult
0, 69, 101, 220, 476, 686
0, 133, 280, 647, 992, 1488
Juvenile
0, 89, 138, 190, 279, 364
0, 38, 79, 164, 351, 629
a
Metal concentrations in test solutions were measured using inductively coupled
plasma optical emission spectrometry (ICP-OES).
b
NT indicates no test was done due to only one spawning event

4.3.3! Data analysis
LC50 (concentrations that resulted in 50% mortality in the test population) and EC50
(concentrations that resulted in 50% of the test population becoming unattached) were
determined for each observation time following 1, 2, 4, 7, 10 and 14 d exposure. Either
Maximum Likelihood Probit, Trimmed Spearman Karber models or Non-linear
Interpolation were used to determine each estimate (depending on conforming with
model assumptions) using the software ToxCalc (version 5.0, Tidepool Scientific
Software). Estimates for 1 and 2 d for all species are not shown, due to the limited
responses observed.
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4.4! Results
Juveniles of three of the four species tested were generally more sensitive than the
adults (Figure 4.1). Juveniles of the flatworm Obrimoposthia ohlini were more
sensitive than adults, across all days, for both attachment behaviour (EC50) and
mortality (LC50) (Figure 4.1). Juvenile gastropods Laevilittorina caliginosa, were
more sensitive than adults, which was particularly apparent at 4 and 7 d for attachment
(EC50) (Figure 4.1; Table 4.3).

Gastropod mortality was low at most of the

concentrations tested for the duration of the tests, thus LC50 values could generally
not be determined (Table 4.4). Juveniles of the isopod Limnoria stephenseni were more
sensitive than adults at 4 d, but after 4 d, sensitivity did not differ between life stages
(Figure 4.1). In contrast to these three species, adult bivalves Gaimardia trapesina
appeared to be more sensitive than young adults at all days tested and for both lethal
and sublethal endpoints (Figure 4.1). The LC10 and EC10 values showed similar
patterns (Appendix F)
Sensitivity to copper varied between species. The bivalve was the most sensitive by a
large margin for both life stages, as shown by both EC50 and LC50 estimates (Figure
4.1). The gastropod was the least sensitive, with high survival at most concentrations
in comparison to the other species (Table 4.4). The flatworm and isopod were of
intermediate sensitivity, as shown by both their EC50 and LC50 estimates (Figure 4.1).
Behaviour was affected at lower copper concentrations than was survival for the
bivalve, gastropod and flatworm, but not for the isopod (Figure 4.1). For adult
flatworms, this difference was notably large at the beginning of the test, while by 14
d, EC50 and LC50 estimates were similar (Figure 4.1). For the isopod, EC50 and
LC50 estimates were very similar, indicating that the difference between the effect on
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behaviour and on survival was very small (Figure 4.1). While gastropods could
survive exposure to high concentrations of copper, their ability to remain attached was
compromised at lower copper concentrations than either the flatworm or isopod, across
all days and for both life stages (Table 4.3).
Control survival was generally 100% in all tests with all species up to 10 d. In some
tests, this decreased to 80 to 95% by day 14. Water quality generally remained stable
and within acceptable limits throughout most tests up to 14 d (temperature= 6 ± 1 °C,
salinity= 33 to 35 ppt, DO= 80-100% saturation, pH= 7.6 to 8.2). Although not
reflected in control survival (which remained at 96–100%), the highest water quality
decline was in tests with both adult and juvenile bivalves, with pH dropping to
approximately 6.8 to 7.2 by 14 d.
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Figure 4.1. Average EC50 (left) and LC50 (right) values for copper in two life stages;
adults (blue) and juveniles (orange) in four subantarctic marine invertebrates; A, Isopod
Limnoria stephenseni, B, Bivalve Gaimardia trapesina, C, Flatworm Obrimoposthia
ohlini, D, Gastropod Laevilittorina caliginosa. EC50 estimates are based on “attachment”
behaviour which was indicative of good health. Error bars represent 1 standard error.
Averages are based on 2 tests in all cases, except for juvenile isopods in which only one
test was done. LC50 estimates for gastropod not shown due to minimal response. A“<”
indicates data not displayed due to high mortality, while “>” indicates data not shown due
to lack of response (Table 4.3).
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Table 4.3. Copper EC50 values and 95% fiducial limits for adults and juveniles of
four species of subantarctic marine invertebrates. Effect concentrations are based on
the individual’s ability to attach
Cu EC50 (±95% FL) (µg/L)
Test # 4 d

7d

10 d

14 d

1 675 (518-1035)

323 (279-374)

161 (132-187)

120 (83-143)

2 986 (634-3776)

316 (280-355)

256 (185-291)

187 (147-220)

1 430 (286-863)

278 (155-402)

167 (76-223)

142 (63-180)

1 14 (11-16)

< 10a

< 10 a

< 10a

2 29 (25-32)

< 21a

< 21a

< 21a

1 129 (112-147)

17 (2-30)

< 43a

< 43a

2 39 (24-54)

28 (18-37)

< 13a

< 13a

1 316 (288-342)

350 (318-381)

327 (297-356)

331 (307-356)

2 223 (147-259)

250 (202-278)

281 (254-304)

300 (268-327)

1 280 (205-345)

187 (153-226)

163 (136-197)

169 (140-204)

2 406 (262-1185)

193 (151-256)

223 (185-270)

243 (185-296)

Isopod Limnoria stephenseni

Bivalve Gaimardia trapesina
Adults
Juveniles

Flatworm Obrimoposthia ohlini
Adults
Juveniles

Gastropod Laevilittorina caliginosa
Adults
Juveniles

1 158 (129-189)

144 (137-152)

162 (148-178)

152 (147-157)

2 110 (67-136)

106 (59-130)

59 (9-97)

67 (3-104)

1 62 (44-78)

68 (45-86)

59 (48-69)

66 (60-73)

2 76 (25-103)

90 (40-117)

87 (57-101)

107 (101-113)

a

A “less than” symbol (<) indicates significant mortality in the lowest concentration,
thus an estimate could not be determined and the lowest test concentration is given.
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Table 4.4. Copper LC50 values and 95% fiducial limits for adults and juveniles of
four species of subantarctic marine invertebrates
Cu LC50 (±95% FL) (µg/L)
Test #

4d

7d

10 d

14 d

1 895 (649-1644)d

313 (265-325)

158 (138-180)

138 (128-149)

2 1134 (681-6647)d

326 (288-368)

262 (184-297)

184 (145-217)

1 478 (333-1456)

300 (197-474)

224 (143-292)

138 (76-180)

1 22 (4 - 43)

12 (10-13)

< 10c

< 10c

2 40 (13 -88)

< 21c

< 21c

< 21c

1 354 (211-1237)

32 (8-52)b

13 (0-27) b

< 43c

2 51 (36-72)

28 (25-31)b

26 (21-29)b

< 13c

560 (511-635)b

450 (410-495)b

401 (366-436)

b

b

342 (313-370)

Isopod Limnoria stephenseni
Adults

Juveniles

Bivalve Gaimardia trapesina
Adults

Juveniles

Flatworm Obrimoposthia ohlini
Adults

Juveniles

1 > 623a
2 917 (847-997)

514 (389-650)

425 (388-461)

1 455 (377-555)

251 (204-296)

237 (193-281)

206 (169-246)

2 > 438a

282 (216-423)

258 (198-318)

258 (198-318)

1 > 686a

> 686a

1841(1044-31986)de

537 (426-741)de

2 > 1487a

> 1488a

> 1488a

> 1488a

1 > 629a

> 629a

> 629a

> 629a

2 > 364a

> 364a

> 364a

> 364a

Gastropod Laevilittorina caliginosa
Adults

Juveniles

a

A “greater than” symbol (>) indicates the highest concentration with no response, or
that the estimate was unable to be calculated.
b
Reported in Holan et al. (2016a)
c
A “less than” symbol (<) indicates significant mortality in the lowest concentration,
thus an estimate could not be determined and the lowest test concentration is given.
d
Estimate is slightly outside the range of concentrations tested.
e
Reported in Holan et al. (2016b).
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4.5! Discussion
The sensitivity of juveniles to copper was higher than that of adults for the gastropod,
flatworm and isopod. These results are in agreement with previous findings that early
life stages of aquatic biota are often more sensitive to contaminants than adults.
Heightened sensitivity to contaminants at earlier life stages has been reported for
freshwater biota including gastropods (Aguirre-Sierra et al., 2011; Seeland et al.,
2013), water fleas (Muyssen and Janssen, 2007), and fish (Hutchinson et al., 1998), as
well as for marine copepods (Forget et al., 1998; Medina et al., 2002). However, few
comparisons have been made for other marine taxa (Hutchinson et al., 1998; Muyssen
and Janssen, 2007) or polar biota. The two studies that have compared the sensitivity
of life stages of polar biota reported that early life stages were more sensitive. King
& Riddle (2001) determined that copper toxicity increased through the larval
development of the Antarctic sea urchin Sterechinus neumayeri, and Sfiligoj (2013)
determined that juvenile Antarctic amphipods Paramorea walkeri were more sensitive
to copper than adults. Previous researchers have suggested that physiological
mechanisms underpin differences in sensitivity between life stages, including a higher
surface to volume ratio and reduced energy reserves for maintenance at earlier life
stages (Hutchinson et al., 1998; Muyssen and Janssen, 2007). This finding provides
further evidence that the patterns observed in fish and freshwater biota are consistent
with marine invertebrates; early life stages are generally more sensitive.
The bivalve was the only species in this study to diverge from the general pattern of
higher sensitivity of earlier life stages. This result indicates that there are exceptions
to the general trend of higher sensitivities in earlier life stages, as suggested by other
studies (Hutchinson et al., 1998; Muyssen and Janssen, 2007). In this study, the smaller
bivalves are actually young adults (2.5 to 4 y) as opposed to juveniles. Test conditions
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may also have influenced results. In tests with older and larger adults, pH dropped to
6.8, while it dropped to 7.1 for the younger/smaller adults. With a possibility of
interactive effects of pH and copper, larger individuals may have therefore been under
additional stress and therefore impacted more. Future work on pH and ammonia
tolerances may be beneficial for refinement of tests with this species. Although
juveniles are usually thought of as being less tolerant to thermal stressors than adults,
a recent study by Peck et al., (2013) determined that Antarctic juveniles, including the
bivalve Laternula elliptica, were more tolerant to warming of 1°C per day than were
adults. This reduction in temperature tolerance for adults may translate to a reduction
in tolerance of other stressors with age, such as contaminant exposure. Further toxicity
testing incorporating water renewals to maintain higher water quality may further
inform comparative toxicity between bivalve life stages and determine whether
larger/older adult stages of this species really are more sensitive.
This study highlights the importance of testing a range of species when developing
water quality guidelines, due to the high variation in sensitivities between species. The
gastropod Laevilittorina caliginosa is likely highly adapted to environmental stressors
and a variable environment, due to its position high on the intertidal zone (Simpson,
1976). It is likely able to use adaptations, such as operculum closure, to tolerate copper
contamination. In contrast, both of the life stages of the bivalve Gaimardia trapesina
were highly sensitive to copper. With their position low in the intertidal zone, they
likely possess fewer adaptations for surviving adverse and variable environmental
conditions. This correlation between contaminant sensitivity and position on the shore
has been observed previously for molluscs (De Pirro and Marshall, 2005; Holan et al.,
2016b) and for a tropical copepod (Kwok and Leung, 2005).
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Water quality guidelines do not currently exist for subantarctic regions, and it is
becoming increasingly apparent that guidelines developed in temperate and tropical
regions may not be appropriate for polar regions, due to heightened sensitivities to
copper in biota from higher latitudes including copepods (Holan et al., 2016a; Marcus
Zamora et al., 2015), gastropods, algae (Sfiligoj, 2013) and urchins (King and Riddle,
2001). Further, this study correlates with previous studies that there is a need for
specific conditions in toxicity tests with biota from higher latitudes (King and Riddle,
2001; Marcus Zamora et al., 2015; Payne et al., 2014). There was an absence of a
response at 1 to 2 d, even for the highly sensitive bivalve, and a steep decline in
survival between 4 and 7 d for the flatworm and isopod. This is in contrast to tests
with temperate and tropical species, where test durations are typically 1 to 4 d. This
indicates that uptake and processing of contaminants by subantarctic species occurs at
slower rates than species from other regions. This aligns with previous work with
Antarctic species, where toxicity tests can be up to a month long (Sfiligoj et al., 2015).
Sublethal endpoints were useful early indications of copper toxicity in this study and
confirmed patterns of toxicity based on survival that we observed between life stages.
Sublethal endpoints also allowed for comparisons in sensitivity between life stages for
the gastropod, where the determination of mortality proved difficult, due to closure of
the operculum. In all cases, sublethal effects were precursors to lethal effects that
occurred over longer exposure periods, and importantly, were detected at lower
concentrations. This was particularly apparent for adult flatworms. EC50 estimates
were much lower than LC50 estimates at 4 and 7 d, but by 14 d, EC50 and LC50
estimates were similar (Figure 4.1). This suggests that short term (4 d) EC50 estimates
based on behaviour give an early indication of likely LC50 estimates at 14 d, as
individuals with behaviour affected at 4 d, will have died by 14 d.
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Sublethal effects

are being increasingly used in toxicity studies (Cheung and Wong, 1999; Elfwing and
Tedengren, 2002), to determine effects at lower concentrations and over shorter
exposure periods, as more evidence accumulates of the link between sublethal effects
and subsequent mortality (Faimali et al., 2006). This is particularly useful for tests
with cold-water species, which are generally run over longer time-periods (King and
Riddle, 2001; Marcus Zamora et al., 2015; Payne et al., 2014), as the development of
sublethal endpoints can potentially reduce the need for impractical and costly long test
durations. Other sublethal endpoints that could be considered for future research with
these species include reproduction and larval development, particularly for the L.
caliginosa and O. ohlini, where embryonic development could be observed after being
laid.
In the potential absence of an ability to test a larger range of subantarctic species for
further toxicity testing and guideline development, we recommend the flatworm
Obrimoposthia ohlini and the isopod Limnoria stephenseni as suitable test species.
While they were not as sensitive as Gaimardia trapesina, they were both abundant in
the field, were easily collected, can be maintained in aquaria, were amenable to testing,
and both sublethal and lethal endpoints were clear and less likely to be subjected to
bias.

This is in comparison to Laevilittorina caliginosa where closure of the

operculum created difficulties when determining mortality. The flatworm was also
easy to culture and many juveniles were released in the aquaria during the course of
this study. Culturing of the isopod may also be possible, but further work is required
to better understand their reproductive biology.
This study highlights the need for specific water quality guidelines for polar regions.
To do so requires the determination of the sensitivity of key biota and this study
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therefore contributes significantly towards the development of such guidelines. We
conclude that, as with biota in other regions, early stages of most of these species
should be targeted for use in toxicity tests. Further testing with larval stages and
comparisons between life stages of other local biota will complement these findings
of heightened sensitivity of both high latitude species and earlier life stages.
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CHAPTER 5:!INCREASED SENSITIVITY OF SUBANTARCTIC MARINE
INVERTEBRATES TO METALS UNDER A CHANGING CLIMATE
In preparation for submission to Global Change Biology
Jessica R. Holan, Catherine K. King, Abigael Proctor, Andrew R. Davis
Keywords: multiple stressors, Macquarie Island, toxicity, temperature, salinity, copper
5.1! Abstract
Stressors associated with climate change, and contaminants resulting from the
activities of humans, are affecting organisms and ecosystems worldwide. Previous
studies suggest that the unique characteristics of polar biota, such as slower
metabolisms and growth, cause higher susceptibility to contamination and climate
change than those in temperate and tropical areas. The effects of increased temperature
and decreased salinity on copper toxicity were investigated on subantarctic intertidal
and subtidal marine invertebrates from a range of taxonomic groups and ecological
niches: the copepod Harpacticus sp.; isopod Limnoria stephenseni; flatworm
Obrimoposthia ohlini and bivalve Gaimardia trapesina. We hypothesised that the
effects of stressors would differ between species and would be related to the degree in
which they are exposed to abiotic variables; we used their position on the shore as a
surrogate for this. Multiple stressor tests were conducted by exposing test organisms
to a range of copper concentrations under different salinity and temperature
combinations, relevant to projected climate change scenarios. Sensitivity to copper
was amplified by increased temperature and decreased salinity, with the effects of each
stressor differing with species. Unlike most previous multiple stressor work, an
interaction between climate change stressors on copper toxicity was not found,
indicating that the effect of each stressor was consistent in all conditions tested.
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Copper toxicity to all subtidal species was amplified by small increases in temperature
while the intertidal species O. ohlini was unaffected by a temperature increase to 10
°C, as would be predicted based on the different species distributions or positions on
the shore.

This study provides further evidence that climate change will likely

increase the susceptibility of biota to contamination world-wide.
5.2! Introduction
The world’s oceans are undergoing unprecedented change, including shifting climate
systems, rising temperatures and changing chemistry (Doney et al., 2012). Ocean
temperatures are expected to increase between 0.6 to 2.0°C by 2100 (Collins et al.,
2013). This warming is expected to continue for centuries, even if emissions are
reduced (Collins et al., 2013). Variations in precipitation and temperature between
regions will result in organisms in tropical oceans coping with large increases in
temperature and saltier conditions, while those in the Southern Ocean will likely
experience more subtle warming and lowered salinities (Collins et al., 2013).
Organisms will be facing these stressors simultaneously and there is growing evidence
that stressors frequently interact (Crain et al., 2008; Przeslawski et al., 2005).
Interactions between physiological stressors may be complex (Crain et al., 2008).
Stressors may interact unexpectedly, differing from the anticipated additive effects of
each stressor. For example, synergies may occur, such as exposure to UV greatly
exacerbating the negative effects of organic contaminants (reviewed in Pelletier et al.
(2006). In contrast, antagonistic interactions have been observed, such as warmer
temperatures mitigating the negative effects of acidified conditions on two species of
intertidal molluscs (Davis et al., 2013). Additive and synergistic effects will have
important consequences for species and ecosystems, and it is becoming increasingly
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apparent that acquiring knowledge of these interactions is important, and that the
combined effect of stressors must be assessed (Hoegh-Guldberg and Bruno, 2010).
Due to a pole-ward shift of the Antarctic Circumpolar Current, areas across the
Southern Ocean have already experienced warming trends and changes in precipitation
(Pendlebury and Barnes-Keoghan, 2007). On subantarctic Macquarie Island a trend in
air temperature warming has been recorded since initial records in 1948 (although this
warming has slowed in the past two decades) (Pendlebury and Barnes-Keoghan,
2007). This warming is expected to continue by a further 1.2°C in the next 100 years
(Jacka et al., 2004). Rainfall has increased by 35% since 1970 with a more considerable
increase of 55% over the winter months (Adams, 2009). In the summer of 2013/14,
Macquarie Island experienced its first and third highest rainfall days since records
began (Australian Bureau of Meteorology, 2015).
Although areas of the Southern Ocean are not predicted to experience large changes
in temperature in comparison to other regions, its cold-adapted inhabitants may be at
particular risk to these relatively small changes. Species in these regions are adapted
to relatively low and stable oceanic temperatures.

The species are therefore

physiologically constrained to low temperatures and exhibit low metabolic rates and
low physiological performance (Aronson et al., 2011). Indeed, a short term (2 weeks)
increase of 5 to 10°C was shown to cause 100% mortality in many Antarctic species
tested (Pörtner et al., 2007). Adaptation to cold environments has also led to reduced
fecundity, slow growth and slow larval development. These characteristics places cold
water species at a higher risk to climate change due to an inability to adapt quickly to
a changing environment (Aronson et al., 2011).

Despite the likelihood that

subantarctic species are likely to be very temperature sensitive, little work has been
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done on the specific temperature tolerance of these taxa or on how the effect of
temperature may interact with other stressors. This is particularity alarming, as the
Southern Ocean comprises high levels of endemism (Griffiths et al., 2009).
Species may exhibit contrasting tolerance to climate change stressors depending on
their exposure to natural variability in abiotic conditions. Species that occur in a more
variable environment may already be adapted to stress and the effect of another stressor
may not be as severe as for those species in less variable environments (Thrush et al.,
2008). For instance, copepods of the genus Tigriopus are tolerant of highly variable
physio-chemical changes due to their position in the splash zone (McAllen et al.,
1999). The flatworm Procereodes littoralis is tolerant of high variations in salinity
due to its habitat on the upper intertidal zone (McAllen et al., 2002). These prior
adaptations to environmental stressors have been linked to the mechanisms used in
contaminant exposure, with variations in sensitivity to copper relating to position on
shore for temperate limpets (De Pirro and Marshall, 2005) as well as subantarctic
invertebrates, including Harpacticus sp., Obrimoposthia ohlini and Gaimardia
trapesina (Holan et al., 2016a).
Accumulation of anthropogenically-derived wastes from past practices (Larner et al.,
2006), and increases in the number of tourist visits and shipping activities, will place
the subantarctic marine environment under risk of exposure to elevated contamination
(Aronson et al., 2011). Increases in rainfall will also likely mobilise contaminants
from legacy waste tip and fuel spill sites (Foulds et al., 2014). Furthermore, an increase
in vessel visits, which stem from fishing, tourism and research activities, may
introduce higher concentrations of copper into the marine environment, due to its
increased use as biocide on ship hulls since the banning of tributyltin (TBT)
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(Srinivasan and Swain, 2007). The possible increase in copper contamination is of
particular concern as it has been found to be highly toxic to polar biota, across several
phyla (Chapman and Riddle, 2005b; Marcus Zamora et al., 2015; Sfiligoj et al., 2015)
We investigated the effects of salinity and temperature on copper toxicity to four
subantarctic intertidal taxa. This study is the one of the first to investigate the effects
of multiple stressors associated with climate change and contamination in polar
environments. We exposed common Macquarie Island marine invertebrates from 3
phyla, Arthropoda, Platyhelminthes and Mollusca, to contamination and climate
change stressors.

The 4 species tested were: copepod Harpacticus sp. (Order

Harpacticoida, Family Harpacticidae); isopod Limnoria stephenseni (Menzies) (Order
Isopoda, Family Limnoriidae, flatworm Obrimoposthia ohlini (Bergendal) (Order
Tricladida, Family Uteriporidae) and bivalve Gaimardia trapesina (Lamarck) (Order
Veneroida, Family Gaimardiidae). These species were chosen to represent different
taxa, ecological niches, they were easy to test in the laboratory and represented a range
of tolerances to copper (Holan et al., 2016a; Holan et al., 2016b).
Increased temperature and decreased salinity were selected as these are the most likely
stressors to occur on Macquarie Island shores, while copper was used as a
representative contaminant.

We hypothesise that a relatively subtle shift in

environmental stressors may significantly impact the toxicity of copper to these coldadapted species.

Furthermore, we hypothesise that species will differ in their

tolerance of stressors, depending on their position in the nearshore zone. As point
estimates are incorporated into the development of water quality guidelines, we
designed the experiment to enable determination of the effects of stressors on lethal
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concentrations (LC50 estimates), thereby creating a survival curve under each stressor
combination.
5.3! Methods
5.3.1! Study location and species
Subantarctic Macquarie Island (54° 30' S, 158° 57' E) lies in the Southern Ocean, just
north of the Antarctic Convergence. Its climate is driven by oceanic processes,
resulting in relatively stable daily and yearly air and sea temperatures (Pendlebury and
Barnes-Keoghan, 2007). Temperatures in intertidal rock pools (0.5 to 2m deep) were
logged with Thermochron ibuttons over two consecutive summers and averaged 6.5
(±0.5) °C. The island is relatively pristine and in many areas there has been no past
exposure to contamination. To confirm sites used for invertebrate collections were
free from metal contamination, seawater samples were taken and analysed by
inductively coupled plasma optical emission spectrometry (Varian 720-ES) (ICPOES).
The four invertebrate species used in this study were drawn from a range of taxa and
ecological niches (Figure 5.1). Individuals of the isopod Limnoria stephenseni were
collected from floating fronds of the kelp Macrosystis pyrifera, which occurs several
hundred meters offshore; the copepod Harpacticus sp. and bivalve Gaimardia
trapesina were collected from algae species in high energy locations in the shallow
subtidal zone. Individuals of the flatworm Obrimoposthia ohlini were collected from
the undersides of boulders throughout the intertidal zone. We hypothesised L.
stephenseni would be particularly sensitive to changes in salinity and temperature due
to its distribution in the deeper subtidal areas, while O. ohlini would be less sensitive
due to its distribution high in the intertidal zone and exposure to variable conditions
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naturally. We reasoned that the remaining two species, G. trapesina, and Harpacticus
sp. were intermediate in the conditions to which they were exposed and would be
intermediate in their response. Experiments on L. stephenseni, and Harpacticus sp.,
were done on Macquarie Island within 2 to 3 days of collection during which they were
acclimated to laboratory conditions. In contrast, G. trapesina and O. ohlini were
transported by ship back to Australia in a shipboard recirculating aquarium system and
then maintained in a recirculating aquarium at the Australian Antarctic Division in
Hobart, both at 6°C. These two taxa were used in experiments within 3 months of
their collection.
5.3.2! Test procedure
The combined effect of salinity, temperature and copper on biota was determined using
a multi-factorial design (Table 5.1). A range of copper concentrations were tested with
each combination of temperatures and salinities, so that there were up to 9 copper tests
conducted per species. Controls for the temperature and salinity treatments were set
at ambient levels of 35 ± 0.1 ppt and 5 to 6 °C for all species. Previous tests conducted
under these ambient conditions provided information on relevant copper concentration
ranges to test, appropriate test durations and water change regimes for each taxon
(Holan et al., 2016b). From these previous studies, we determined that 7 days was
suitable for most species. This longer test duration compared to tests with tropical and
temperature species (24 to 96 h) was consistent with previous Antarctic studies that
have required longer durations in order to elicit a response in biota (King and Riddle,
2001; Marcus Zamora et al., 2015; Sfiligoj et al., 2015). Experimental variables
(volume of water, density of test organisms, copper concentrations, temperatures and
salinities) differed for each experiment due to differences between each species (Table
5.1).
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Figure 5.1. Macquarie Island rocky shore indicating habitat locations of each test
species. Not to scale. Letters after species refer to taxonomic group each species
belongs to; P, Platyhelminthes; C, Copepoda; B, Bivalvia; I, Isopoda. Kelp forest
image adapted from North and Hubbs (1968).

Table 5.1. Test conditions for multiple stressor (copper x temperature x salinity)
experiments on 4 subantarctic marine invertebrate species.
Test species
(Catalogue #)a

Copper
concentration
(µg/L)

Limnoria
stephenseni
Harpacticus sp.
(G6504 )
Gaimardia
trapesina
(E31093)
Obrimoposthia
ohlini

Temp.
(°C)

Salinity
(ppt)

Test
volume
(mls)

# Reps
per
treatment

#
Individ.
per vial

0, 83, 171, 308,
521

6
8
10

35
33
31

200

5

10

0, 8, 16, 34, 54

6
9
11

35
33
31

50

5

10

0, 80, 178, 390

5.5
8.5

37
35
33

50

5

0, 55, 112, 227,
442

6
10

35
29
24

100

5

a

6

6

Voucher specimens of Harpacticus sp. and G. trapesina are held at the Tasmanian
Museum and Art Gallery, Hobart, Tasmania, Australia.
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The tests ran for 14 days but 7 d was the intended day for reporting due to previous
results in control survival and sufficient response across concentrations. Treatments
were prepared 24 hours prior to the addition of animals. Seawater was filtered to 0.45
µm and water quality was measured using a TPS 90-FL multimeter at the start and end
of tests. Dissolved oxygen was >80% saturation and pH was 8.1 to 8.3 at the start of
tests. All experimental vials and glassware were washed with 10% nitric acid and
rinsed with MilliQ water three times before use. Salinity of test solutions was prepared
either by dilution through the addition of MilliQ water, or in one case for Gaimardia
trapesina, by the addition of concentrated brine to increase salinity. The increase for
one species was due to the initial intention to test an increase and decrease in salinity.
Copper treatments using the FSW at altered salinities were prepared using 500mg/L
CuSO4 (Analytical grade, Univar) in MilliQ water stock solution. Samples of test
solutions for metal analysis by ICP-OES were taken at the start and end of tests (on
days 0 and 14). Details of ICP-OES procedures are described in Appendix B. Samples
were taken using a 0.45 µm syringe filter that had been acid and Milli-Q rinsed.
Samples were then acidified with 1% diluted ultra-pure nitric acid (65% Merk
Suprapur). Actual measured concentrations at the start of tests were within 96% of
nominal concentrations. In order to determine approximate exposure concentrations
for each treatment, we averaged the 0d and 14d measured concentrations (Table 5.1).
Tests were conducted in temperature controlled cabinets at a light intensity of 2360
lux under a light-dark regime of 16:8 h in summer and 12:12 h for tests for the rest of
the year. Test individuals were slowly acclimated to treatment temperatures over 1 to
2 h before being added to treatments. Temperatures were monitored using
Thermochron ibutton data loggers within the cabinets for the duration of the tests.
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Determination of mortality of individuals differed for each taxon. Mortality was
recorded for Gaimardia trapesina when shells were open due to dysfunctional
adductor muscles; for Obrimoposthia ohlini when individuals were inactive and
covered in mucous; for Limnoria stephenseni when inactive after gentle stimulation
with a stream of water from a pipette; and for Harpacticus sp. when urosomes were
perpendicular to prosomes (as used in other studies with copepods; see Kwok and
Leung, 2005). Mortality was recorded on days 2, 4, 7, 10 and 14, however only one
day is reported for simplicity. All dead individuals were removed from test vials when
observed.
5.3.3! Statistical analysis
Lethal concentrations (LC50) for each combination of stressor were estimated by
fitting a Binomial regression model, developed specifically for determining significant
differences in lethal concentrations under different environmental stressors (Proctor et
al., 2016 unpublished). This model relates survival to log copper concentration,
adjusting for background mortality. It assumes a linear relationship between log LC50
and changes in stressors as for any increase or decrease in the stressor, a linear increase
or decrease in log LC50 would be expected.
This is the first model developed to be able to assess the effects of temperature and
salinity on the LC50 estimates for a given contaminant. This is done by determining
statistical differences between the LC50 estimates at each stressor. Currently the most
widespread method for comparing LCx estimates is to determine confidence interval
overlap, due to its simplicity and lack of other methods. This overlap method has been
criticised for being too conservative and had less power to detect significant
differences (Schenker and Gentleman, 2001; Wheeler et al., 2006). The development
of the model in this study was therefore necessary as it has the power to detect
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significant differences in LC50 estimates under different stressor combinations and to
be able to easily pool treatments when a stressor does not have a significant effect.
An analysis of deviance detected whether LC50 estimates were affected either by an
interaction between main effects (decrease in temperature and decrease in salinity) or
by the main effects alone. Where the interaction or main effects were not statistically
significant, the effect was removed from the model before LC50 estimates were
calculated. For main effects retained in the model, Tukey multiple comparisons were
used to determine pair-wise significant differences between treatment levels within the
stressor. Specific details of the model are described in Appendix G.
5.4! Results
The presence of environmental stressors significantly altered the toxicity of copper to
all species, with the effects being species specific. Copper toxicity to Harpacticus sp.
and Limnoria stephenseni were affected by both salinity and temperature, while
salinity alone affected the toxicity of copper to Obrimoposthia ohlini, and temperature
alone affected the toxicity to Gaimardia trapesina (Figure 5.2; Table 5.2). Estimates
of LC50 were not affected by interactions between main effects (decrease in salinity
and increase in temperature). Therefore, significant main effects were consistent across
all temperatures and all salinities (Table 5.2).
The sensitivity of the copepod Harpacticus sp. to copper was most affected by subtle
shifts in temperature and salinity (Table 5.2). An increase of only 2°C (from ambient
6, to 8°C) significantly increased copper toxicity, at each salinity (Figure 5.2a; Table
5.3), while a decrease of only 2 ppt (from ambient 35 ppt, to 33 ppt) significantly
increased copper toxicity, at each temperature (Figure 5.2a; Table 5.3).
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Both temperature and salinity also affected the toxicity of copper toxicity to the isopod
L. stephenseni. Although not as sensitive to temperature increases as was Harpacticus
sp., an increase to 10 °C significantly enhanced copper toxicity to the isopod at each
salinity tested. Copper toxicity was unexpectedly lowest at 33 ppt compared to 35 and
31 ppt, and this trend was consistent at each temperature (Figure 5.2b; Table 5.3).
Salinity and temperature alone affected copper toxicity to O. ohlini and G. trapesina,
respectively. A stepwise increase in toxicity to the flatworm O. ohlini occurred with
decreasing salinity at each temperature, with a significant difference between 35 and
24 ppt.

An increased temperature to 10°C did not impact toxicity at any salinity

(Figure 5.2c; Table 5.2). An increase in temperature to 8°C increased copper toxicity
to G. trapesina, at each salinity, while salinity had no statistically significant effect at
any of the temperatures (Figure 5.2d; Table 5.2).
The environmental stressors alone did not affect survival, with survival between 90 to
100% for all temperatures and salinities when copper was not present, for all species
except L. stephenseni, in which survival was reduced to 80 to 90% in two treatments
(Figure 5.2b). Salinity within each treatment and dissolved oxygen remained constant
throughout the experiment, while pH dropped to 7.5 to 7.9 by day 14.
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Table 5.2. Analysis of deviance testing for significant effects of temperature and
salinity and interactions on copper toxicity to four subantarctic marine invertebrates.
Df Deviance Resid.
Resid.
Pr(>Chi)
Df
Dev.
Copepod
Harpacticus sp.
NULL
206
353.89
Temperature
2
12.64
204
341.25
<0.01*
Salinity
2
15.8603
202
325.39
<0.01*
Temp x Salinity
4
3.0013
198
322.39
0.5576
Isopod
Limnoria stephenseni
NULL
206
262.86
Temperature
2
14.6225
204
248.24
<0.01*
Salinity
2
18.6752
202
229.57
<0.01*
Temp x Salinity
4
2.6887
198
226.88
0.6112
Flatworm
Obrimoposthia ohlini
NULL
137
117.28
Temperature
1
0.7147
136
116.56
0.3979
Salinity
2
9.1427
134
107.42
<0.01*
Temp x Salinity
2
1.7846
132
105.63
0.4097
Bivalve
Gaimardia trapesina
NULL
112
234.5
Temperature
1
8.518
111
225.98
<0.01*
Salinity
2
0.6691
109
225.31
0.7156
Temp x Salinity
2
2.4456
107
222.86
0.2944
Table 5.3. Multiple comparisons of copper toxicity under different environmental
stressor combinations to four subantarctic marine invertebrates. An ‘NS’ indicates no
significant main effect. Where a significant main effect was detected, pairwise
comparisons are shown. An ‘=’ between treatment factors indicates no significant
difference between treatments, while ‘>’ or ‘<’ indicates the direction of the significant
difference, i.e., less sensitive (higher LC50) > more sensitive (lower LC50). Note that
there are no significant interactions between stressors (temp x salinity; Table 5.2) See
Appendix H for pairwise comparison model outputs.
Copepod
Isopod
Flatworm
Bivalve
Harpacticus
Limnoria
Obrimoposthia Gaimardia
stephenseni
sp.
ohlini
trapesina
Salinity (ppt)
35 > 31
35 = 31
35 > 24
NS
35 > 33
35 < 33
35 = 29
33 = 31
33 = 31
29 = 24
Temperature
6 >10
6 > 10
NS
5.5 > 8.5
(°C)
6>8
6=8
8 = 10
8 > 10
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Figure 5.2. Lethal concentrations of copper causing 50% mortality (LC50 ± 95%
confidence limits) for the (A) copepod Harpacticus sp., (B) isopod, Limnoria
stephenseni and (C) flatworm Obrimoposthia ohlini after 7 days of exposure and after
2 days for the (D) bivalve Gaimardia trapesina. 6°C and 35ppt are control and
ambient conditions. Black line indicates % survival (± SE) in the absence of copper
for each combination of environmental stressor. All non-significant main effects that
were removed from model to improve estimates (temp in c, salinity in d) remain in
figure to highlight the levels of stressors tested.
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5.5! Discussion
Results in this study confirm our hypothesis that small changes in the environmental
parameters temperature and salinity will impact the toxicity of copper to subantarctic
invertebrates. There was a general trend of increased copper toxicity with increasing
temperature, and decreasing salinity. While there were some unexpected results, the
results generally correlate with our hypotheses of species responses being related to
the position which they inhabit on the intertidal/subtidal zone. The only exception to
this was the reduced toxicity of copper to Limnoria stephenseni at lowered salinities.
This study highlights the need to include changes in natural environmental variables
in toxicity assessments to determine the sensitivity of a species to a contaminant under
a changing environment (Kimberly and Salice, 2013). Additionally, it demonstrates
the importance of multiple stressor experiments and the simultaneous testing of
contaminants and stressors. The low mortality in the absence of copper (for most
species), for all the temperature and salinity treatments, suggests that these changes
had no significant effect on mortality alone. The same salinity and temperature
changes significantly increased copper toxicity. The combination of copper and
environmental stressors is therefore more than an additive response. For example,
negligible mortality (<10%) was found in the absence of copper for Harpacticus sp.
across all temperature and salinity combinations, while the same temperatures and
salinities caused significant changes in LC50 estimates (Figure 5.2a).

Therefore,

toxicity tests must be done in a multi-factorial design in order to adequately
demonstrate effects, rather than making predictions from the effect of each stressor
alone. The isopod Limnoria stephenseni may be an exception to this, as there was a
slight trend towards increased mortality at the higher temperatures in the absence of
copper, particularly at 31ppt (Figure 5.2b).
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Crain et al. (2008) highlighted that interactions between environmental stressors in
marine systems are common. From the few past studies where the effect of salinity
and temperature on copper toxicity was tested, a significant interaction was always
found. For example, increased salinities across 15, 34.5 and 45 ppt significantly
decreased copper toxicity to Tigriopus japonicus at 25 °C, but salinity effects were
absent at 35 °C (Kwok and Leung, 2005). Similarly, an increase in temperature from
20 to 25 °C increased copper toxicity to the population density of the rotifer
Brachionus rotundiformis at 2.5 g/L of NaCl, but there was no effect of temperature
at 5 g/L (Gama-Flores et al., 2005). The clear results from the present study indicate
that the effect of each stressor on copper toxicity will occur regardless of the presence
or absence of the additional stressor. Surprisingly for the present study, interactions
between environmental stressors were absent, indicating the two stressors work
independently of each other in this system. The effect of temperature can be clearly
observed across all salinities, for those species affected by temperature (Figure 5.2).
For example, for Limnoria stephenseni, higher toxicity of copper occurred at 10°C
across all salinities, and the mitigating effect of lower salinity of 33 ppt on the toxicity
of copper was observed at all temperatures (Figure 5.2b; Table 5.1).
Increased temperature amplified copper toxicity to Harpacticus sp., Limnoria
stephenseni and Gaimardia trapesina, which was consistent across all the salinities
tested. It is well documented that contaminant toxicity generally increases with
temperature (reviewed by Sokolova and Lanning (2008) and Zhou et al. (2014)), which
is a concern with the current predicted levels in climate change. The most common
reason for the pattern is higher uptake of chemicals at elevated temperatures (Sokolova
and Lannig, 2008). Simultaneously, exposure to a contaminant stressor will often
sensitise the organism to another stressor (Kimberly and Salice, 2013). In comparison
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to other studies, the temperature increase in the present study needed to significantly
increase toxicity was relatively low (a 2 – 4 °C increase), compared to previous studies.
For example, Li et al. (2014) determined significant differences in sensitivity of the
tropical copepod, Tigriopus japonicus to contaminants at a minimum increase in
temperature of 6°C, while Kwok and Leung (2005) found significant differences to the
same species’ sensitivity at a minimum of 10°C increase. Being from the subantarctic
region, the species in the current study are likely to have narrow thermal windows
through adaptation to low and stable temperatures (Aronson et al., 2007; Peck et al.,
2009; Pörtner et al., 2007). They are therefore unlikely to survive large temperature
increases, due to low metabolisms and an inability to reach oxygen demands required
with increases in temperature (Peck, 2005). The addition of a stressor such as copper
exposure likely further narrows their thermal tolerance window (Pörtner and Farrell,
2008). Our results therefore suggest that high latitude species are easily stressed by
relatively small and ecologically relevant temperature increases, particularly when
already exposed to a contaminant.
As hypothesised, the effects of climate related stressors on copper toxicity differed for
each species. We expected Limnoria stephenseni would be most affected by changes
in abiotic factors, due to its position in the subtidal; the species Gaimardia trapesina
and Harpacticus sp., being in the high energy sub-tidal zone, would be somewhat
tolerant; and Obrimoposthia ohlini would be the most tolerant to changes in
environmental stressors, as it inhabits the intertidal zone. These hypotheses were
validated by the temperature effects on copper toxicity, as copper toxicity to all three
of the species from the environmentally stable habitats (low shore to sub-tidal) was
negatively affected by temperature increase (Table 5.3; Figure 5.2), while the uppershore O. ohlini was tolerant of an increase to 10 °C, even in the presence of copper.
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The effects of salinity on copper toxicity to Limnoria stephenseni however did not
correspond to position on shore. Copper toxicity was lower at 33 ppt compared to
ambient 35 ppt. The isopod L. stephenseni inhabits the upper layer of low energy areas
of the subtidal, likely experiencing different temperature and salinity regimes to those
species in the high energy subtidal zone; it is likely that less mixing and possible
stratification could often occur in habitat of L. stephenseni, thus ambient salinities may
be closer to 33 ppt than those species in high energy habitats (Figure 5.1).
Experimental water was collected from high energy near-shore locations, with a mean
salinity of 35 ppt. This species is also relatively tolerant to copper contamination in
general, also unexpected when considering its environment and previous studies
involving a correlation between habitats and copper tolerance (Holan et al., 2016a).
Reductions in salinity increased copper toxicity for Harpacticus sp. and
Obrimoposthia ohlini at all temperatures tested. This is a relatively common pattern
found in other studies (reviewed in Heugens et al., (2001)). While a reduction from
35 to 24 ppt was required to affect copper toxicity to the intertidal O. ohlini, a 2 ppt
decrease significantly increased copper toxicity to subtidal Harpacticus sp. (Figure
5.2). The differences in salinity tolerance between these species is likely due to
differences in exposure to reduced salinity (Figure 5.1). The often observed salinitytoxicity pattern can be attributed to the effect of salinity on both physiological
processes as well as on the metal itself. Metal complexation is decreased at lowered
salinities. This then causes increased bioavailability of metals and increased toxicity
because the free ionic form of metals is thought to be more toxic (Heugens et al., 2001).
Physiologically, deviating from ambient salinities causes osmotic stress, exacerbating
the negative effects of copper toxicity (Heugens et al., 2001). Acute copper exposure
often results in failure to osmoregulate in a large range of species. Despite its usual
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ability to handle large variations in salinity due to its position on the intertidal (Figure
5.1), strategies that are typically used to regulate osmolality by O. ohlini were likely
inhibited in the presence of copper (Grosell et al., 2007; Lee et al., 2010).
This study demonstrates the importance of including changes in natural environmental
variables in toxicity assessments to determine accurate sensitivity data under a
changing environment. Such information on the effects of additional stressors on
sensitivity to contaminants is required for developing realistic environmental quality
guidelines. This study also highlights the need to test stressors simultaneously in order
to determine effects that would not otherwise be observed and to test a range of species,
as effects can differ substantially between species. The small variation in temperature
that caused significant changes in copper toxicity highlights the vulnerability of many
of these species to realistic climate changes. The impacts of stressors commonly
associated with global climate change on the sensitivity of marine invertebrates to
contaminants is high, and likely to be particularly severe for cold-adapted species.
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CHAPTER 6:!GENERAL DISCUSSION
This thesis represents the first comprehensive study of the toxicity of metals to marine
biota in the subantarctic. The purpose of this work was to assess the vulnerability of
subantarctic species to contamination. My overarching aim was to collect toxicity data
that would contribute to the development of water quality guidelines for the
subantarctic region. It is becoming increasingly apparent that some contaminants may
be more toxic to species from polar regions than from temperate and tropical areas,
which highlights the need for the development of regional specific water quality
guidelines. Furthermore, my findings contribute to filling a gap in our knowledge of
regional toxicity gradients, by determining the sensitivities of species that inhabit
locations midway between temperate and Antarctic regions. The toxicity data that
were collected in this study covered a range of contaminants and biota at different life
stages, to identify the relative toxicity of each contaminant, species and life stage. I
also determined the effects of two important variables associated with climate change
on sensitivity to a contaminant. This is of particular relevance as the subantarctic
marine environment is undergoing significant change.
6.1! Relative toxicity of metals
The work presented here indicates that of the metals tested (copper, zinc and
cadmium), copper was the most toxic to all marine invertebrates tested. These metals
were chosen as they are three of the most prevalent around subantarctic and Antarctic
stations (Deprez et al., 1994; Stark et al., 2003), and are also likely to be highly toxic
(Rainbow, 2002). The relative pattern of toxicity (Cu>> Zn≥ Cd) was consistent for
the 4 species that were exposed to all three metals (Harpacticus sp., Tigriopus
angulatus, Gaimardia trapesina, and Obrimoposthia ohlini). This finding aligns with
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previous work on comparative toxicity between metals; copper is generally a highly
toxic metal to marine invertebrates (Chapman and Riddle, 2005b; Rosen et al., 2008),
while the relative toxicity of zinc and cadmium often differs between species.

I

therefore used copper in subsequent chapters of this thesis, to better examine
differences in sensitivities between species and life stages.
6.2! Variation in sensitivity between species
This study indicated large variation in sensitivity of species to copper, which appeared
to correlate with their position in the nearshore zone. The more sensitive species were
generally located in high energy subtidal areas, while the highly tolerant species
inhabit areas high on the intertidal zone (Figure 6.1). This correlation with position
on shore and sensitivity to copper is likely due to adaptations to natural stressors, such
as variation in temperature, salinity and pH. Species on the upper shore experience
extremes or variation in these factors more often than those on the lower shore; it is
likely that these adaptations shape their sensitivity to copper. Correlations between
environmental stressor sensitivity and contaminant sensitivity have been made
previously (De Pirro and Marshall, 2005; Kwok and Leung, 2005).

The only

exception to this trend in the present study was the isopod Limnoria stephenseni.
Despite living in the subtidal zone, it was relatively tolerant compared to the other
subtidal species. However, this species occurs in a low-energy habitat in comparison
to the habitat of the other subtidal species studied (Figure 6.1). I speculate that the low
energy environment may then result in stratification and less mixing, which would
result in adaptations to better cope with abiotic stressors.

A study examining

subantarctic invertebrate physiology would help to further clarify the underlying
mechanisms contributing to differences in sensitivity to contaminants between these
species.
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Figure 6.1. The sensitivities of test species to copper and their distributions in the Macquarie Island nearshore environment. Numbers represent 7 d
LC50 estimates (µg/L). Kelp forest image adapted from (North and Hubbs, 1968).
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6.3! Latitudinal sensitivity to contaminants
Some species in this study appeared to confirm the view of heightened sensitivity of
polar or higher latitudinal biota to certain contaminants. Four of the ten species tested
(Harpacticus sp., Gaimardia trapesina, Cantharidus capillaceus coruscans and
Macquariella hamiltoni) were more sensitive to copper than related species at lower
latitudes. This is likely due to the unique characteristics of cold-adapted biota
(Chapman and Riddle, 2005b). My data revealed that the copepod Harpacticus sp.
was of similarly high sensitivity as three Antarctic copepod species (Marcus Zamora
et al., 2015) which were all higher in sensitivity than most other copepod species in
temperate and tropical regions. The bivalve G. trapesina, and the gastropods, C.
capillaceus coruscans and M. hamiltoni, were all more sensitive than most related
species in other regions. Studies with other Antarctic biota have also indicated
heightened sensitivity to copper in comparison to related species in other regions, such
as sea urchin larvae (King and Riddle, 2001) and microalgae (Sfiligoj, 2013).
Overall, sensitivities of subantarctic species appear to be intermediate in comparison
to sensitivities of polar and temperate biota. There is generally an absence of tidal
zonation in the Antarctic due to the geomorphology, few ice free areas on the coast,
and the presence of ice sheets for most of the year. The subantarctic in contrast,
represents the most southern (and coldest) sea ice-free area, where many intertidal
species have evolved. The mid-upper shore species examined in this thesis (the
flatworm Obrimoposthia ohlini, copepod, Tigriopus angulatus and gastropod
Laevilittorina caliginosa) are similar in sensitivity to copper as are temperate species,
possibly due to their exposure to environmental extremes. Intertidal species in
temperate areas are often used in ecotoxicology studies due to the ease of their
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collection and their high likelihood of encountering contaminants. Alongside this fact,
subtidal temperate species tolerate larger thermal variations due to seasonal changes
in comparison to subantarctic species. Therefore, while there are several highly
sensitive species, the subantarctic environment has many similarities with temperate
environments, and particular sensitivities to contaminants for each species are likely
to be related to this.

More data with local biota from both the Antarctic and

subantarctic are required to further confirm this trend. Furthermore, studying the
biokinetics, including uptake and depuration rates of subantarctic species, would also
help to determine the mechanisms behind the high sensitivity of these species.
6.4! Factors affecting toxicity of contaminants
Contaminant toxicity may be influenced by a number of factors. As discussed,
contaminant toxicity can differ between related species across regions and even
between closely related species across different habitats within the same region.
Sensitivity to contaminants can also depend on other biological factors, such as life
stage and gender. This study demonstrated that subantarctic species, like those in other
regions, are generally more sensitive at earlier life stages. This was particularly
apparent for the flatworm Obrimoposthia ohlini and the gastropod Laevilittorina
caliginosa.
This study highlighted the importance of simultaneous testing of environmental
stressors and contaminants. While salinity and temperature alone did not affect
survival of test species, copper toxicity was significantly increased by at least one of
the stressors tested, for each species. This highlights the need for multiple stressor
tests in general (Crain et al., 2008; Hoegh-Guldberg and Bruno, 2010), as these more
subtle effects of changes in temperature and salinity on survival would not have been
detected if they were not tested in combination with copper. Temperature and salinity
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affected the toxicity of copper to two species (Harpacticus sp. and Limnoria
stephenseni), while Obrimoposthia ohlini was affected by salinity alone, and
Gaimardia trapesina was affected by temperature alone. Previous multiple stressor
studies have also called for incorporation of these type of data into water quality
guidelines, particularly in the face of a changing climate (Kimberly and Salice, 2013;
Seeland et al., 2013).
6.5! Toxicity test conditions and development of water quality guidelines for
the subantarctic
As this was the first study to report on sensitivities of subantarctic marine invertebrates
to contamination, development of specific test conditions for each species was
required. Exposure time was an important consideration in tests with subantarctic
marine invertebrates. Previous studies with polar biota have shown that longer test
durations were required for more accurate and realistic comparisons between
temperate and polar species (King and Riddle, 2001; Marcus Zamora et al., 2015).
Seven days was required for most species in this study to elicit a lethal response, and
generally there was a sharp decline in survival between 4 and 7 days of exposure. For
the behavioural endpoints, 4 days was generally sufficient to elicit a response.
Some species were determined to be more suitable than others for future studies.
Those that are able to be cultured easily, are ecologically important, relatively
sensitive, have clear behavioural and mortality endpoints and do not significantly
reduce water quality in tests, are generally recommended as suitable test species for
ecotoxicology studies (ANZECC/ARMCANZ, 2000). A main consideration when
identifying suitable test species in this study, was that they were highly abundant in
the field, thus likely ecologically important. For the remaining requirements, some
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species were ideal, while others were not as suitable (Table 6.1). The subtidal copepod,
Harpacticus sp. best fulfils most requirements.

Many studies in other regions

recognise copepods as suitable test species (Gissi et al., 2013; Kwok and Leung, 2005),
enabling comparisons of sensitivity to multiple contaminants between regions. Only
two species were inappropriate for toxicity tests; the highly tolerant copepod Tigriopus
angulatus, as it was also difficult to maintain in the aquarium, and the highly tolerant
gastropod Laevilittorina caliginosa as it was also difficult to objectively assess
mortality (Table 6.1).
Data collected in this study and the subsequent development of water quality
guidelines could potentially be applied to the whole subantarctic region. One
consideration for the applicability of Macquarie Island as a representative subantarctic
area, is the high levels of endemism in the subantarctic, due to the isolation of each
island, (Griffiths, 2010; Hogg et al., 2011). However many species from this study
are dispersed across the Southern Ocean (Table 6.1). Most of these species were likely
dispersed through rafting, particularly those that inhabit the fronds and holdfasts of
algae in high quantities, such as Limnoria stephenseni and Gaimardia trapesina
(Everson, 1977; Nikula et al., 2010). Indeed, Gaimardia trapesina is also found in the
opposite side of the Southern Ocean, on South Georgia, as well as further south on the
Antarctic Peninsula (Everson, 1977). Therefore it is likely that much of the species
sensitivity data reported in this study, are representative of the whole region.
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Table 6.1. Suitability of each species for future toxicity testing, based on requirements for the development of water quality guidelines (columns
1-6). Column 7 ranks species based on these requirements. Column 8 indicates which species are distributed across the Southern Ocean, with
the more widespread species better representing the whole region.
Life stageb

1.Sensitivity

2. Endpoint ID

3. Water
Renewals

4. Culturing of
juveniles

5. Ease of
collection

6. Abundance
of species

Harpacticus sp. (C)

Adult

High

Clear

Not needed

Easy

Simple

High

7. Suitability
for future
tests
Appropriate

Obrimoposthia ohlini
(P)
Limnoria stephenseni
(C)
Pseudopsolus
macquariensis

Adult
Juvenile
Adult
Juvenile
Adult

Low
Low
Low
Low
Moderate

Clear
Somewhat clear
Clear
Clear
Clear

Not needed
Not needed
Not needed
Not needed
Yes

Easy

Simple

High

Appropriate

Widespread

Needs
development

Somewhat
difficult

High

Appropriate

Widespread

(E)

Juvenile

Moderate

Clear

Not needed

Easy

Difficult

High

Appropriate
in most cases

Endemic

Anasterias directa (E)

Juvenile

Moderate

Clear

Not needed

Needs
development

Somewhat
difficult

Moderate

Appropriate
in most cases

Likely
endemic

Adult

High

Needs
development

Easy

High

Appropriate
in most cases

Widespread

Species (Phylum)a

Gaimardia trapesina
(M)
Macquariella
hamiltoni (M)
Cantharidus
capillaceus coruscans

(M)
Laevilittorina
caliginosa (M)
Tigriopus
angulatus(C)

Somewhat
difficult
Somewhat
difficult

Yes

Juvenile

High

Possibly

Adult

High

Clear

Possibly

Unlikely to
survive in aquaria

Somewhat
simple

Moderate

Appropriate
in most cases

Adult

High

Clear

Yes

Needs
development

Simple

High

Appropriate
in most cases

Adult
Juvenile

Low
Low

Difficult
Difficult

Not needed
Not needed

Easy

Simple

High

Adult

Low

Clear

Not needed

Unlikely to
survive in aquaria

Simple

Low

a

Not suitable
for most tests
Not suitable
for most tests

8.
Distribution
Unknown

Macquarie
and Heard
Is.
Endemic –
subspecies
on NZ subs
Widespread
Widespread

Crustacea (C); Platyhelminthes (P); Echinodermata (E); Mollusca (M)
Both adult and juvenile life stages are shown where they were both tested. Results not shown for P. macquariensis due to significant mortality
likely resulting from low water quality in tests
b
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6.6! Future studies
This study has developed a body of information that would be highly beneficial for
future testing with contaminants. The identification of suitable test species, endpoints,
test regimes and exposure duration in this thesis will provide a basis on which tests
with other contaminants or stressors can be developed. Hydrocarbons contamination
from fuel spills is present on Macquarie Island (Deprez et al., 1994) and likely to be
prevalent in many areas of the subantarctic.

Some toxicity test methods and

information from this study could be used for development of toxicity tests with
hydrocarbons. Suitable test species for the determination of impacts of climate change
alone could also be gleaned from this thesis. Those species that were particularly
sensitive to temperature; Gaimardia trapesina and Harpacticus sp. would be good
candidates for more studies on the impact of temperature on contaminant toxicity, such
as fluctuating temperatures (rather than a stable average temperature as used in my
tests).
The multiple stressor study indicated an impact of temperature and salinity on copper;
other stressors would also likely impact contaminant toxicity, such as pH. Ocean
acidification is becoming a major concern for marine invertebrates, particularly coldwater species (McClintock et al., 2009). Furthermore, pH is likely to interact with
contaminant toxicity, but few studies have actually explored this (Nikinmaa, 2013).
Determining the effects of simultaneous exposure to pH, salinity and temperature, on
subantarctic marine invertebrates, in the absence of contaminants (Davis et al., 2013),
is also strongly recommended as these are changes likely to impact these species in
the near future and are likely to be relatively susceptible.
Another consideration for future tests would be the development of chronic tests for
the inclusion in water quality guideline development. While this study currently gives
98

important insight into the need for specific water quality guidelines for the subantarctic
and Antarctic regions, to derive water quality guidelines, chronic data would provide
the most robust outcomes (Batley et al., 2014). Chronic exposure involves long-term
exposure relative to the species life-span. Although this is recommended as ≥14 days
for adult macroinvertebrates, this criteria may need reconsideration due to the longer
life spans of the species in the subantarctic and Antarctic regions. An alternative
would be to include embryonic or larval stages of the species (which can be done over
a shorter time period), and would require further development of culturing of these
species in the aquarium. See Table 6.1 for the most suitable species for future
culturing, and the Harpacticus sp. copepod would be the easiest species to achieve this
with.

6.7! Conclusions
This is the first comprehensive study of the sensitivity of subantarctic marine fauna to
metal contaminants. My findings reveal that certain species within subantarctic marine
communities are highly sensitive to contaminants in comparison to analogous species
in temperate or tropical regions. This study provides further evidence for the need to
develop specific water quality guidelines for polar regions.

This is due to the

heightened sensitivity of many of these species to copper, which is important
particularly given increases in the risk of contamination as a result of increased
shipping and human activities in the region. My findings also contribute a large body
of data that are required for the development of such guidelines. Major findings
included: that juveniles are generally more sensitive than adults; that copper is the most
toxic of the metals tested; and that climate change will likely heighten many species
sensitivities to contamination.

This last finding in particular highlights the
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vulnerability of biota in this region to future environmental change. Although currently
a relatively pristine environment, if biologically available contaminants were to enter
the nearshore subantarctic environment, highly sensitive species already experiencing
stressors associated with climate change, will likely be impacted in the short-term.
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APPENDIX B
Inductively coupled plasma optical emission spectrometry (ICP-OES) quality
assurance/quality control (QAQC) details for all ICP-OES results.
Method Detection Limits (MDL’s):
Cu (wavelength 213.598) = 2.74 ppb
Zn (wavelength 213.857) = 1.07 ppb
Cd (wavelength 214.437) = 0.658 ppb
In-house multi-element standards were made from primary standards (ACR- Cat No.
4367) and matrix matched (uncontaminated filtered seawater).

These working

solutions were confirmed using matrix matched single element (Cu, Zn and Cd)
standards (ACR). Standard blanks (uncontaminated filtered seawater) were confirmed
using Cass-4 SW (Nearshore Seawater Reference Material for Trace Metals) whilst
in-house single and multi-element standards were further confirmed with Water QC
Standard (Inorganic Ventures - Cat. No. QCP-MTL). Yttrium was used as an internal
standard to detect and correct for instrument drift. Duplicates, blanks, CRMs and
single element standards were sampled every 15-20 samples and maintained between
90 – 110% of required concentrations. Spike recovery for matrix matched Cu, Zn and
Cd were also 90 – 100% of expected values
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APPENDIX C
Measured metal concentrations for each treatment at each test and averaged between 0 d and 14 d. More detailed information on concentrations
can be found at: Holan J, King C, Davis A. 2015. Toxicity of copper, cadmium and zinc to Macquarie Island marine invertebrates. Australian
Antarctic Data Centre. DOI: 10.4225/15/56369D520A118.
Species

Harpacticus sp.

Tigriopus angulatus
Gaimardia trapesina
Obrimoposthia ohlini
Pseudopsolus macquariensis
Anasterias directa

Test #
1
2
3
4
1
2
1
2
1
2
1
2
1
2

Copper
0,20,49,105,134,336
0,10,17,44,58,82
0,14,31,46,68,78
0,9,16,32,90
0,37,88,134,218,404
0,737,964,1321,1916,2231
0,43,85,162,267,610
0,13,29,41,62,75
0,38,82,254,418,609
0,278,463,634,984,1332
0,47,89,221,437,780
0,31,49,68,118,172
0,42,86,175,193,438
0,40,61,85,141,177
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Measured metal concentrations (µg/L)
Cadmium
Zinc
0,95,196,299,592,1138
0,197,401,802,1782,3096
0,540,848,1275,1936,2894
0,96,189,378,573,1241
0,537,844,1280,1284,2906
0,98,208,288,487,698
0,164,249,420,855,1720
0,871,1269,1917,2876,4383
0,117,229,384,791,1722
0,160,310,609,1203,2536

0,170,386,807,1636,2681
0,798,1191,1757,2723,4040
0,294,586,1147,2344,3182
0,1248,1836,2397,2998,3570
0,190,295,574,1124,2238
0,478,723,961,1457,2973

APPENDIX D
Survival (% ± 1SE) at varying concentrations of metals over time (d) for each test.
Concentrations are nominal as concentrations change over time.
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APPENDIX E
Graphical abstract for Chapter 3: Toxicity of copper to three common subantarctic
marine gastropods
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APPENDIX F
Copper EC10 values and 95% fiducial limits for adults and juveniles of four species
of subantarctic marine invertebrates.

Effect concentrations are based on the

individual’s ability to attach
Cu EC10 (±95% FL) (µg/L)
Exposure duration
Test # 4 d

7d

10 d

14 d

1 144 (55-219)

138 (83-185)

84 (57-107)

79 (37-103)

2 262 (157-349)

167(81-228)

189 (96-233)

124 (73-155)

110 (12-182)

82 (11-132)

82 (11-122)

1 6 (4-8)

< 10a

< 10 a

< 10a

2 13 (9-16)

< 21 a

< 21 a

< 21 a

5 (0-14)

< 43 a

< 43 a

22 (16-25)

15 (10-18)

< 13 a

1 214 (176-241)

224 (182-255)

216 (175-246)

248 (215-272)

2 143 (57-190)

172 (101-210)

207 (158-235)

211 (166-242)

99 (70-124)

96 (70-117)

105 (75-129)

56 (29-80)

120(57-164)

118 (45-172)

Isopod Limnoria stephenseni
Adults

Juveniles 1 186 (13-282)
Bivalve Gaimardia trapesina
Adults

Juveniles 1 56 (43-68)
2 31 (25-35)
Flatworm Obrimoposthia ohlini
Adults

Juveniles 1 125 (60-178)
2 58 (15-95)

Gastropod Laevilittorina caliginosa
Adults

1 90 (62-114)

131 (106-144)

110 (31-131)

109 (27-113)

2 54 (16-81)

56 (58-129)

18 (1-45)

26 (0-60)

34 (14-50)

38 (24-47)

44 (27-48)

49 (8-76)

61 (21-78)

29 (0-156)

Juveniles 1 29 (14-41)
2 37 (3-63)
a

A “less than” symbol (<) indicates significant mortality in the lowest concentration,
thus an estimate could not be determined and the lowest test concentration is given.
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Copper LC10 values and 95% fiducial limits for adults and juveniles of four species
of subantarctic marine invertebrates
Cu LC10 (±95% FL) (µg/L)
Exposure duration
Test # 4 d

7d

10 d

14 d

Isopod Limnoria stephenseni
1

153 (81-213)

118 (85-147)

82 (64-98)

NCa

2

279(165-384)

167 (88-341)

192 (90-238)

122 (72-152)

Juveniles 1

173 (14-267)

98 (15-62)

104 (28-156)

71 (17-108)

Adults

Bivalve Gaimardia trapesina
Adults

1

8 (6-14)

6 (5-8)

< 10b

< 10b

2

22 (16-27)

17 (12-22)

< 21 b

< 21 b

80 (22-127)

14 (12-16)

4 (0-15)

< 43 b

30 (8-40)

22 (16-25)

20 (12-24)

< 13 b

Juveniles 1
2

Flatworm Obrimoposthia ohlini
Adults

1

>623c

350 (285-394)

281 (224-322)

263 (215-298)

2

574 (494-

328 (155-421)

267 (222-304)

255 (216-283)

168 (96-226)

144(96-181)

134 (91-169)

115 (80-144)

NCa

72 (35-104)

132 (56-181)

132 (56-181)

638)
Juveniles 1
2

Gastropod Laevilittorina caliginosa
1

NCa

NCa

546 (383-865)

129 (86-170)

2

NCa

NCa

NCa

NCa

Juveniles 1

NCa

415 (160-

229 (120-186)

NCa

284 (128-403)

234 (123-313)

Adults

1747)
2

NCa

NCa

a“

NC” indicates estimate could not be calculated due to inability to conform to the
models
b
A “less than” symbol (<) indicates significant mortality in the lowest concentration,
thus an estimate could not be determined and the lowest test concentration is given.
c
A “greater than” symbol (>) indicates the highest concentration with no response, or
that the estimate could not be calculated
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APPENDIX G
Model and description - (Proctor et al., 2016)

Lethal concentrations LCx for each combination of additional stressors were estimated
by fitting a Binomial regression model that relates survival to log toxin concentration,
adjusting for background mortality and assuming a linear relation between log LCx
and descriptors of the additional stressors. More precisely, the Binomial regression
model parametrized in terms of log LCx was used to relate survival to log toxin
concentration (Newman, 2012).

!"#$

~

("#$

=

12 +"#$

=
=
=

logLCx$

1,$B

Bin(&"#$ , ("#$ )
+"#$ ,$ -"#$ > 0
,$0000000000 -"#$ = 0

.

3$ logC"#$ − logLCx$ + <
=> + =2 ?2$ + ⋯ + =A ?A$
C$

Here !"#$ is the number of survivors at the end of the trial from &"#$ 0individuals in
replicate i receiving target toxin concentration j and combination k of additional
stressors and actual measured concentration ("#$ . -"#$ is the fraction of individuals
expected to survive which is decomposed into a fraction ,$ of individuals expected to
survive in the absence of the toxin, and a fraction p"#$ expected to survive the
additional mortality induced by the toxin. The fraction0+"#$ is related through a
monotonic link function 11 to the log measured toxin concentration logC"#$ the log
lethal concentration logLCx$ and a rate parameter 3$ specific to the combination of
stressors. Similarly, the baseline survival fraction ,$ is related to a survival
parameter C$ specific to the combination of stressors through a monotonic link
function 1B . The lethal concentration LCx$ 0specific to a stressor combination is related
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through a log link to a linear predictor constructed from covariates0?2 , ?B , … , ?A
describing the combination of additional stressors. The level of lethality modelled is
determined by the offset: < = 11

H
2>>

< = 11

H
2>>

, (that is x=50 if LCx=LC50). The

baseline survival parameters C$ and rate parameters 30$ 0are viewed as nuisance
parameters, and inference focuses on the effects of the additional stressors and the
LCx lethal concentrations.
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APPENDIX H
Tukey’s multiple comparisons between LC50 values at different salinities and
temperatures for four subantarctic marine invertebrates
Estimate Std. error

z value

Pr(>|z|)

33-31
35-31
35-33
Temperature °C
8-6
10-6
10-8
Isopod Limnoria stephenseni
Salinity (ppt)

-0.0435
0.1234
0.1670

0.0503
0.0390
0.0500

-0.90
3.17
3.34

0.6593
0.0041*
0.0023*

-0.2052
-0.1182
0.0869

0.0448
0.0390
0.0402

-4.60
-3.00
2.16

<0.001*
0.0067*
0.0774

33-31
35-31
35-33
Temperature °C
8-6
10-6
10-8
Flatworms Obrimoposthia
ohlini
Salinity (ppt)

0.1845
-0.1854
-0.3698

0.0883
0.0807
0.0850

2.09
-2.30
-4.40

0.0920
0.0560
<0.001 *

-0.0556
-0.3880
-0.3324

0.0818
0.0836
0.0928

-0.70
-4.60
-3.60

0.7750
<0.001 *
0.001*

29-24
35-24
35-29
Bivalves
Gaimardia trapesina
Temperature °C
10-8

0.1976
0.3952
0.1975

0.1024
0.1263
0.1116

1.93
3.13
1.77

0.1287
0.005*
0.1779

-1.4652

0.4316

-3.40

<0.001*

Copepod Harpacticus sp.
Salinity (ppt)
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